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Abstract 

In this review we discuss the present status of strange nuclear physics, with special 
attention to the weak decay of A-hypernuclei. The models proposed for the evaluation 
of the A decay widths are summarized and their results are compared with the data. 
The rates Tnm = hn+Tp (+r 2 ), r.,rO and are well explained by several calculations. 
Despite the intensive investigations of the last years, the main open problem remains 
a sound theoretical interpretation of the large experimental values of the ratio Tn/Tp. 
However, the large uncertainties involved in the experimental determination of the 
ratio do not allow to reach any definitive conclusion. The r^/Tp puzzle is strongly 
related to the so-called A/ =1/2 rule on the isospin change in the non-mesonic decay, 
whose possible violation cannot be established at present, again due to the insufficient 
precision of the data. Although recent works offer a step forward in the solution of 
the puzzle, further efforts (especially on the experimental side) must be invested in 
order to understand the detailed dynamics of the non-mesonic decay. Even if, by 
means of single nucleon spectra measurements, the error bars on Tn/Tp have been 
considerably reduced very recently at KEK (however, with central data compatible 
with older experiments), a clean extraction of r^/Tp is needed. What is missing at 
present, but planned for the next future, are measurements of 1) nucleon energy spectra 
in double coincidence and 2) nucleon angular correlations: such observations allow to 
disentangle the nucleons produced in one- and two-body induced decays and lead to a 
direct determination of r„/rp. Notably, the two-body component of the non-mesonic 
decay rates has not been measured yet, due to the too low counting rates expected 
for a coincidence experiment. For the asymmetric non-mesonic decay of polarized 
hypernuclei the situation is even more puzzling. Indeed, strong inconsistencies appear 
already among data. A recent experiment obtained a positive intrinsic A asymmetry 
parameter, oa, for ^He. This is in complete disagreement with a previous measurement, 
which obtained a large and negative oa for p-shell hypernuclei, and with theory, which 
predicts a negative value moderately dependent on nuclear structure effects. Also in 
this case, improved experiments establishing with certainty the sign and magnitude of 
OA for s- and p-shell hypernuclei will provide a guidance for a deeper understanding 
of hypernuclear dynamics and decay mechanisms. 

Keywords: Production and structure of hypernuclei; mesonic and non-mesonic decay of 
A-hypernuclei; Tn/Tp puzzle; AI = 1/2 isospin rule; decay of polarized A-hypernuclei. 
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Hyperons and hypernuclei 


1.1 Introduction 

Hyperons (A, S, S, have lifetimes of the order of 10“^° sec (apart from the 
which decays into Ay). They decay weakly, with a mean free path k, ct = 0(10 cm). 
A hypernnclens is a bonnd system of nentrons, protons and one or more hyperons. We 
will denote with a hypernnclens with Z protons, A —Z nentrons and a hyperon 
Y. A crncial point to describe the strnctnre of these strange nuclei is the knowledge 
of the elementary hyperon-nncleon {YN) and hyperon-hyperon iYY) interactions. 
Hyperon masses differ remarkably from the nncleonic mass, hence the flavonr SU{3) 
symmetry is broken. The amonnt of this breaking is a fnndamental qnestion in order 
to nnderstand the baryon-baryon interaction in the strange sector. 

Among hyperons and nncleons the following esoenergetic strong reactions (AS* = 
0) are allowed: 

^ An S+n ^ Ap {Q — 78MeV) 

E~p —^ AA —>• AA {Q ~ 26MeV) 

n-p AS° n-n AS- (g ~ 178MeV) 

(in parentheses are qnoted the average released energies, the so-called Q-valnes), 
hence, only the lightest hyperon (A) is generally stable with respect to the strong 
processes which occnr in nnclear systems. In this review we shall be mainly concerned 
with A-hypernnclei. 

The existence of hypernnclei is interesting since it gives a new dimension to the 
traditional world of nnclei (states with new symmetries, selection rnles, etc). In fact, 
they represent the hrst kind of flavoured nuclei, in the direction of other exotic systems 
(charmed nnclei and so on). 

Hypernnclear physics was born in 1952, when the hrst hypernnclens was observed 
throngh its decays JI|. Since then, it has known several phases of development and 
it has been characterized by more and more new challenging qnestions and answers. 
However, this held has experienced great advances only in the last 10-15 years. We 
can look at hypernnclear physics as a good tool to match nnclear and particle physics. 
Nowadays, the knowledge of hypernnclear phenomena is rather good, bnt some open 
problems still remain. Actnally, the stndy of this held may help in nnderstanding 
some crncial qnestions, related, to list a few, to: 

• some aspects of the baryon-baryon weak interactions; 

• the YN and YY strong interactions in the = 1/2’'' baryon octet; 

• the possible existence of di-baryon particles; 

• the renormalization of hyperon and meson properties in the nnclear medinm; 

• the nnclear strnctnre: for instance, the long standing qnestion of the origin of the 
spin-orbit interaction and other aspects of the many-body nnclear dynamics; 

• the role played by qnark degrees of freedom, havonr symmetry and chiral models 
in nnclear and hypernnclear phenomena. 

In this review we will widely discnss a great deal of these problems. 


1 


1.2 Hyperon—nucleon, hyp eron—hyper on interactions and hy- 
pernuclear structure 


We summarize here the phenomenological information available nowadays on YN 
and YY interactions and on the structure of A-, S-, S- and AA-hypernuclei. 

One of the main reasons of interest in hypernuclear physics lies in the characteris¬ 
tics of the YN and YY interactions which can be derived from. Obviously, measure¬ 
ments of YN and YY cross sections would give more direct information. However, 
such experiments are very difficult due to the short lifetime of the hyperons, which 
gives flight paths limited to less than 10 cm: nowadays, no scattering data are avail¬ 
able on the YY interaction and very limited are the ones for the AN, UN and SN 
interactions (especially in the last case). Moreover, we remind the reader that the 
inverse reaction pn —> pA in free space is under investigation at COSY (Jiilich) 
and KEK [^]. Unfortunately, the experimental observation of this process is difficult 
because of its very low cross section with respect to the huge background. 

The NN interaction can be understood in terms of one-meson-exchange (OME) 
models, usually combined with a proper parameterization of the repulsive component 
at short distance, which originates from quark exchanges between the hadrons and 
has a range of about 0.5 fm, corresponding to a transferred momentum q > 400 


MeV. The extension of the OME description to strange particles of the = 1/2’'' 
baryon octet is still unsatisfactory. Several models of the YN and YY interactions 
are available. For instance, with the help of the flavour SU{3) symmetry, the Bonn- 
Jiilich 1^ and Nijmegen groups have developed several potentials using the OME 
picture, also including, in some cases, two-meson-exchange. In addition to meson- 
exchange potentials, other groups (Tokyo 0, Tiibingen |T^ and Kyoto-Niigata |]TI| ) 
use quark cluster models to explain the short range interactions. Unfortunately, none 
of these potentials is fully satisfactory and there are large discrepancies among the 
different models (especially on the spin-isospin dependence). Since the data on YY 
scattering are very limited (they consist almost exclusively of spin-averaged cross 
sections), it is impossible to £t the YN interaction unambiguously: different YN 
potentials can reproduce the data equally well, but they exhibit differences on a more 
detailed level, especially when the spin structure is concerned (compare for example 
Refs. [^,0,^). The measurement of spin observables in the YN scattering as well 
as in the weak process pn —>■ pA could discriminate among the various interaction 
models. On the other hand, the study of the hypernuclear structure and weak decays 
is helpful in order to get useful information on the YN and YY interactions. 


AN interaction and A—hypernuclei 

The strong AN interaction displays some different aspects with respect to the NN 
one. For instance, due to isospin conservation in strong interactions, the fact that the 
A has isospin / = 0 forbids the emission of a pion (AyOATr). In hgure we depict the 
NN and AN strong potentials in the OME model. The strong A —> Svr and S —Att 
couplings are allowed, and the A hyperon can interact with a nucleon by exchanging 
an even number of pions and/or of p mesons (see hgure ^). The dominant part of the 
AN interaction comes from the two-pion-exchange, hence it has a shorter range than 
the NN one. Moreover, the AN potential is weaker than the NN potential: roughly 
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Figure 1: NN and AN strong amplitudes in the one-meson-exchange model. 
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Figure 2: Two pion (p) exchange contribution to the AN potential. 
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Figure 3: A three-body interaction (a) and two-body interaction with strangeness 
exchange (b). 


speaking, from the diagrams of figures |l| and for the tensorial components we have: 
'^an/'^nn — 1 / 4 - 

Besides, three-body interactions and two-body interactions with strangeness ex¬ 
change are also allowed (hgure ^). The ANN three-body force, whose pionic compo¬ 
nent is depicted in Fig. |](a), is an important ingredient to investigate the structure of 
A-hypernuclei [1^-1^, especially in light systems. This is due to the AN-J]N strong 
coupling, which is sizeable in the nuclear medium |T5|-[l9|, and, on the other hand, 
leads to a non-negligible second order tensor force in the AN interaction (Fig. I). By 
assuming a repulsive ANN potential, the small A binding energies in light hypernuclei 
and the depth of the A-nucleus mean potential for heavy systems can be reproduced 
]r5[ without requiring a strong spin-dependence of the AN interaction; the latter 
seems, at present, to be excluded (see following discussion in this paragraph). In 
particular, the ANN interaction is essential to explain the existence of the lightest 
hypernucleus, the hypertriton (aH= pnA), which is weakly bound. The A binding 
energy, dehned as: 


- M{^Z) - ruA < 0, 


fA+l 


is as small as ~ 130 KeV in hypertriton. In Ref. |^, within a microscopic many 


body scheme, the authors showed how the coupling to intermediate T,N states in 
the AN interaction (figure ^ is crucial for a correct evaluation of the A binding 
energy in nuclear matter. In hypernuclei the AN-'EN coupling is more important 
[especially because of the relatively small A-S mass difference (~ 78 MeV)] than the 
NN-AN coupling in conventional nuclei, where the latter plays a very small role in 
binding few-nucleon systems (tua —rriM — 293 MeV). Another signal of the AN-EN 
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coupling comes from the observation that in S'-wave relative states the Ap interaction 
is more attractive than the An interaction. This follows from a comparison of the 
experimental A binding energies in the A = 3, / = 1/2 doublet: 

5A(iHe) - BaUR) _ 0.35MeV ^ 

5A(iHe) 2.39MeV “ ‘ 

(AHe = ppnA and aH = pnnA should differ only because of Coulomb effects, if 
the An and Ap interactions were of equal strength). The AN-HN coupling gives a 
charge symmetry breaking more important than the one observed in ordinary nuclei 
by comparing the neutron separation energies in and ^He (after correcting for the 
Coulomb interaction in ^He). The Coulomb energy in )(He is expected to be only a 
little more repulsive than in ^He: ii^c(^He) — i?c(^He) ~ 0.02 MeV. Large part of 
the charge symmetry breaking observed in light A-hypernuclei is due to the coupling 
between the AN and UN channels and turns out to be quite sensitive to the mass 
difference between the initial and hnal state: 


Am{Ap —> ~ 75 MeV < Am{An —> S p) ~ 80.5 MeV 

(for transitions without charge exchange, Ap —> S'^p and An —>• S°n, Am ~ 77 MeV). 

Another important aspect of the AN interaction is its spin-dependence. A quali¬ 
tative indication of the difference between the singlet (J = 0) and triplet (J = 1) AN 
interactions comes from the comparison of the A binding energy in isobar nuclei not 
related by charge symmetry. For example, ji^AdLi) | is larger than ji^AdBe) | by about 
0.42 MeV. The greater \B/y\ value corresponds to the hypernucleus whose nucleons’ 
core has non-zero spin (being an odd-odd system, while the core of ^Be is even- 
even) ; it can be explained by the effect of the spin-dependent A interaction with the 
unpaired nucleons, a proton and a neutron, in ^Li. However, the AN spin-spin inter¬ 
action is weak. In ref the A-core spin doublet splittings (J = | Jcore± 1/2|), which 
give the strength of the AN spin-spin interaction, are predicted to be of the order of 
0.1 MeV for p-shell hypernuclei, and only for ^Li in the ground state this splitting 
is sizeably larger (~ 0.6 MeV). The recent measurements, at KEK and BNL |^,|^, 
of the energy spacing of the ^Li ground state doublet, Ml(| ~^ | ) = 691.7 ± 1.2 
KeV, and of various y-ray transitions in other p-shell hypernuclei conhrmed this 
prediction |^. Experiments with high energy resolution are then essential to study 
the spin-dependence of the AN interaction. From the analysis of the spins of ground 
and excited states in A-hypernuclei one expects the AN interaction to be more at- 

H 


tractive in the spin-singlet state than in the spin-triplet state |25|. In Ref. 


the 

authors found that the quark cluster model gives more attraction in the triplet inter¬ 
action; moreover, their meson-exchange potentials are almost spin-independent. In 
the phenomenological OME models of the AN interaction the situation is not clear 
since there is no direct empirical information about the spin structure of the 
potential, some versions favour the singlet interaction, while others favour the triplet 
one. It has been found 1261, 


that the AN effective interaction has repulsive char¬ 
acter in the spin-parity = O’*" channel, while for the NN interaction an attractive 
O’*" pairing is well known. This anti-pairing effect originates from a delicate balance 
between the AN inner repulsion and the attraction at intermediate distances. 

The spin-orbit component of the A-nucleus mean potential is rather small. The 
spin-orbit separation of the A levels is at least one order of magnitude smaller than 
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the one typical of the A^-nucleus interaction pSj pi], Pq-|33[| ■ Such effect could 
originate from the weak tensor component of the AN interaction, whose most impor¬ 
tant contributions come from the exchange, forbidden at the lowest order, of pions 
and rhos. This supports the hypothesis that the strong one-body spin-orbit potential 
experienced in ordinary nuclei (central point in order to explain their exact shell struc¬ 
ture) originates from a two-body tensor force. However this point is not completely 
clear yet. In fact, forces besides the spin-orbit one as well as core excitations 
^ may contribute to the observed splittings as well. We will further discuss 
the problem of the spin-orbit interaction in A-hypernuclei in the next section. 

When a hyperon is embedded in the nucleus, one has to take into account the 
influence of the medium on the hyperon. A simple mean held picture turns out 
to be a good description of the bulk hypernuclear properties ||^ (for example the 


hyperons binding energies and the excitation functions). Within this approximation 
the hyperon maintains its single particle behaviour in the medium, and it is well known 
that this occurs even for states well below the Fermi surface p7|,|38|, a property which 
is not observed for the nucleons. This is due to the fact that in hypernuclei the A is 
a distinguishable particle, which weakly interacts with the nucleons’ core. However, 
deviations from the independent particle description can be produced, for instance, 
by three-body forces, AN-T^N and AASN couplings, QCD effects at the nuclear 
level and non-localities due to relativistic effects. 

On the other hand, the presence of a hyperon influences the nuclear medium: 
hence, the Hartree-Fock approximation acquires a new self-consistency requirement 
in strange nuclei. In spite of the relative weakness of the AN interaction (with respect 
to the NN interaction), for particular nucleon conhgurations the single particle levels 
may be considerably lowered by the presence of a A: for the deepest ones the energy 
shift can reach 3 -i- 5 MeV, while for the valence orbits a value of about 1 MeV 
is frequent m- For example, the extra Ip neutron binding energy for a p-shell 
hypernucleus^’'“^Z due to the addition of the A to the nucleus is calculable with 
the following relation: 


- Bi<-{^Z) = BA(y‘Z) - B^dZ) < 0, 


For a Is neutron: 


BldP'Z) = BidP'Z) + MiiZ) - M-dZ), 


where M*{^Z) is the mass of the Is neutron-hole excited state of ^Z, which can be 
produced by the K~n —>■ An~ reaction on through the transformation of a 

Is neutron into a Is A-hyperon (see next section). Similar relations hold for the 
proton levels. The stability of the nucleons’ core is increased by the presence of the 
A particle, which plays then a “glue-like” role. Remarkable examples are ®He and 
®Be vs ® He and the former being unstable and the latter stable with respect 
to strong particle emission, very recent y-ray spectroscopy experiment at KEK [P^ 
showed that the size of the ®Li core in ^Li is reduced with respect to that of the 
loosely bound ®Li nucleus. In a ^He-d ("‘He-d) cluster model for ^Li (®Li) [p^], the 
rms distance between ^He and d in ^Li is about 19% smaller than the one between 
^He and d in ®Li. The role of stabilizer of the A in nuclei is due to its position in the 
inner part of the nucleons’ core, on single particle levels which are forbidden, by the 
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Pauli principle, to the nucleons. On the other hand, the weak decay of the A may 
cause the delayed hssion of the host nucleus (because of the decreased stability and 
energy release of the decay). This process has been used to measure the lifetime of 
heavy hypernuclei [^, ^. 

We consider now the different behaviours, in nuclei, of neutron and A due to their 
decay modes. In the free space neutron and A are unstable; they decay through the 
following weak channels: 


n - 

pe~Ve 

(100%), 

A - 

->■ n~ p 

(63.9%), 


7r° n 

(35.8%). 


The energy released in the neutron free decay is = rUn — {rrtp + rrie) — 0.78 
MeV, while the binding energy of a nucleon in the nucleus is (in the average) Bm — 
—8 MeV, therefore a neutron in a nucleus is generally stable (namely its decay is 
kinematically forbidden). On the other hand, for the A free decay the released energy 
is = niA — (rrijr + m^v) — 40 MeV. This is larger than the nuclear A separation 
energy: \B/y\ < 27 MeV (especially in light hypernuclei), hence the A is kinematically 
unstable even if embedded in nuclear systems. 

The binding energies of nucleon and A in nuclei, B^ and i?A, have different be¬ 
haviours as a function of the mass number: Bp^ saturates at about —8 MeV for nuclei 
with A > 10, while |i?A| monotonically increases with A up to ~ 27 MeV for ^°®Pb. 
Indeed, the A can occupy whatever single particle state, the ground state of the hy- 
pernucleus always corresponding to the hyperon in the Is level. It is then clear that 
a A particle is a good probe of the inner part of nuclei. Actually, the Pauli principle 
is active on the u and d quarks of nucleons and A when they are very close to each 
other. For example, in the case of AHe= ppnnA, if the constituent baryons maintain 
their identity, both the hyperon and the nucleons occupy s levels, while at the quark 
level an up quark in the Ap short range interaction (and a down quark in An) has to 
occupy the p-level. The Pauli blocking effect at the quark level could be an impor¬ 
tant ingredient to explain the anomalously small aHo binding energy with respect to 
calculations performed within the baryon picture. A study of the role played by the 
quark Pauli principle on the binding energies of single- and double-A s-shell hyper¬ 
nuclei can be found in Ref. |^3|. The authors have found signihcant effects when the 
assumed size of the baryons is of the order of the proton charge radius: b ~ 0.86 fm. 

With the exception of hypernuclei of the s-shell, the depth of the A-nucleus 
mean held is of about 30 MeV |^, namely it is less attractive than the one typical 
for a nucleon (~ 50 55 MeV). This characteristic rehects the smaller range and 

the weakness of the AN interaction at intermediate distances with respect to the NN 
one. It is possible to reproduce the experimental single particle A levels using Woods- 
Saxon wells with the above depth and appropriate radii. For s-shell hypernuclei the 
A single particle potential displays a repulsive soft core at short distances [^4|-|46[|. 
A measure of this effect is given by the rms radii for a nucleon and a A in these 
hypernuclei: the hyperon rms radius is larger than the one for a nucleon. 
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EiV interaction and S— hypernuclei 


The investigation of the SiV interaction is richer but more difficult than that of the 
AN interaction. We remind the reader that it exhibits a long range OPE component, 
its central part is weaker than the AN one and it is very sensitive to spin and isospin 
Era- Very roughly, the strengths of the averaged NN, AN and UN potentials 
are in the following ratios: NN/AN ~ 3/2, NN/J]N ~ 3. The strong spin-isospin 
dependence in the SV interaction is natural in OME models and it is due to the 
exchange of both isoscalar (a;, t]) and isovector mesons (tt, p). The SV spin-orbit 
strength is expected to be about 0.5 1 times the NN one Calculations and 

experimental observations have shown that both the AN and EiV effective potentials 
are strongly repulsive at short distances, and a repulsive core even remains in the A-a 
and TP-a folding potentials P6|,^ (which describe the A and S dynamics in ^He and 
|He, respectively); however, differently from ^He (5 a — 3.12 MeV), because of the 
large repulsion in the inner region, the TP-a potential does not support bound states. 
On the contrary, for the NN interaction the attraction at intermediate distances is 
so strong that the N-a potential obtained by the folding procedure does not contain 
the inner repulsive component. For heavy nuclei a repulsive bump could appear on 
the surface of the S-nucleus potential because of the particular balance of repulsion 
and attraction (which is less effective on the nuclear surface) in the SV interaction 
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The hrst production signals interpreted as S-hypernuclear states, 20 years ago at 
CERN, showed unexpected narrow peaks (less than 8 MeV, instead of the 20 30 

MeV estimated for nuclear matter |^,p0|) which were assigned to the formation 

0. ted two narrow peaks 


of I 


Be, 1,2 


C, ^^Be and 


above the S binding threshold separated by about 12 MeV in the ®Be(A'“, 7r“) strong 
reaction and were ascribed to the formation of |,oBe. However, the measurements were 
carried out with very low statistics and the identihcation of the peaks involved large 
ambiguities. Moreover, none of the reported states could be assigned to hypernuclear 
ground states. Recently, at BNL-AGS |5^, by employing ten times better statistic, 
the existence of such narrow structures for p-shell hypernuclei has been excluded. 
Due to the relevance of the AN-HN coupling, S-hypernuclei can also be regarded 
as resonant states of A-hypernuclei. On the other hand, in a S-hypernucleus the 
SV —>■ AN conversion creates a A with a kinetic energy of about 40 MeV. Since 
the A-nucleus well depth is smaller than this energy, the A-hyperon has a thick 
probability to escape from the nucleus and decays after ~ 2 cm. From the theoretical 
point of view, the existence of narrow S state in nuclei cannot be explained only in the 
(plausible) hypothesis of a sizeable SV —>■ AN strong converting process. Among the 
mechanisms introduced in order to suppress the calculated widths of S-hypernuclei 
the most relevant ones are the Pauli blocking effect on the hnal nucleon 
in UN AN, the suppression of particular spin-isospin transitions and the medium 
polarization effect. The latter is accounted for in [^,|5^ through the so-called induced 
interaction approach. Moreover, it is also possible that the S —>■ A conversion is less 
efficient in hnite nuclei because the S-nucleus potential has such a small depth that 
the S wave function is considerably pushed out of the nucleus. As already pointed 
out, it has been established that for s-shell S-hypernuclei the hyperon is pushed 
towards the nuclear surface by a central repulsion in the E-nucleus potential. The 







above effects can reduce the T,N 

H'- 


AN width up to 5-h 10 MeV in p-shell hypernuclei 


There are many ambiguities in our knowledge of the properties of the S-nucleus 
potential, as obtained from hypernuclear and T,N scattering data studies. If this 
potential had small depth, in the production of heavy systems there should be the 
problem of resolving the small spacing among the single particle levels. In fact, if 
the energy separation among the S-levels is lower than their widths, these states 
cannot be resolved by the experiment. The analysis of the few existing data on 
E“-atoms and of production indicate SSEl’SH a S single particle 

potential depth in the range 8 < |lg^| < 15 MeV for hypernuclei beyond the s-shell. 
Very shallow depths ~ 10 MeV) are consistent with the analysis, 

which, in fact, has not proved the existence of S nuclear states beyond the s-shell. 
Instead, —V^ ~ 20 MeV is more consistent with S-atoms data, which, however, are 
not sensitive to the interior part of the nucleus: hence, 20 MeV overestimates IVq^]. 
Moreover, from the above cited analysis, the S-nucleus potential turns out to be 
strongly spin- and isospin-dependent, with a spin-orbit part comparable with the 
iV-nucleus one. From further theoretical speculations and experiments carried 
out in the last years at KEK and BNL [^,^, the existence of S bound states 

for nuclear mass numbers A> 4 seems to be strongly unlikely. On the other hand, the 
existence of the predicted |He bound state has been proved (with binding energy 
— Bs ~ 2.8 -h 4.4 MeV and width T^ ~ 7.0 12.1 MeV) both at KEK and BNL 
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Actually, only for very light systems the widths are expected to be narrower 
than the separation among the S-levels; moreover, for hypernuclei other than the 
s-shell ones, the S-nucleus potential could not be deep enough to accommodate S 
bound states. Other investigations support the presence of a substantial repulsive 


component in the S-nucleus potential also in medium and heavy hypernuclei |^. It 


is then clear that further experiments and theoretical work are needed to properly 
understand the existence of S-hypernuclei. 


Strangeness S = —2 hypernuclei and the 77—dibaryon 


Some experiments have revealed the existence of S-hypernuclei p7|, |6^|65[] . They 
are produced through the K~p —^ 77+S“, K~p 7F°S° and K~n —> K^'E~ strong 
reactions, which, because of the relatively large momentum transferred (~ 500 MeV), 
preferentially excite high total spin hypernuclear states. The measured Is binding 
energies (old emulsion data) have been htted by using a Woods-Saxon potential with 
radius R = fm, depth 20 < |V(p| < 28 MeV and surface diffuseness a = 0.65 


fm [^. The depth compares well with theoretical predictions based on Nijmegen 
OME models and allows for the binding of several S levels. More recent speculations 
favour smaller well depths, around 12 -y 16 MeV [^, Q for 11C and 11 Be. However, 


improved experiments are needed to extract precise information concerning the 5- 
nucleus potential |^|; for example it is not yet clear whether the potential depth 
exhibit a mass number dependence 


The authors of Ref. [ISl obtained a 5 


a 


potential characterized by a quite strong inner repulsion and a shallow attraction at 
intermediate distances: the wave function is pushed on the nuclear surface and 
the small binding energy has been reproduced. They have also found that in the 
formation of l_He an important role is played by the Coulomb interaction. 
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When a S“-hypernucleus (or a S“-atom) is formed, the hyperon strongly interacts 
with a nucleon of the medium (exchanging a strange meson, K or K*) and produces 
two A’s with an energy release of only 28 MeV (further reduced by binding effects): 

> AA. This offers the possibility of producing double-A-hypernuclei |]6^,[70[|, 
which were observed for the hrst time during the 60’s in emulsion experiments. The 
formation probability of a AA-hypernucleus is sizeable because the 28 MeV energy 
release in —> AA is only 0.1 % larger than the separation energy in an a-particle. 

Therefore, if an a-cluster is broken as a consequence of the absorption, the hnal A’s 
will not have enough energy to escape from the nucleus. The production probability 
of a double-A or twin-A hypernucleus turned out to be (18 ± 13)% in the experiment 
of Ref. [^, which used atomic capture on 

The strangeness S = —2 hypernuclei are quite interesting because they represent 
the unique way of getting information on the SV and AA interactions. In Ref. the 
conversion width due to the process ^ AA has been estimated to be quite narrow 
(of the order of 5 MeV or less), as one expects because of the small energy released in 
the process. More recent calculations have found conversion widths narrower than the 
spacing among the S levels: typically r= ~ 1.6 MeV for s-states and r= ~ 0.9 MeV 
for p-states |^. For |_He the calculation of Ref. obtained a very small width, 
Th = 0.76 MeV, which results from a small overlap between the wave function 
and the nuclear core (the binding energy being only 1.7 MeV). Therefore, if the 
experimental energy resolution is good enough, the smallness of Th makes it feasible 
to perform spectroscopic studies. Because of the small mass difference between initial 
and hnal states, the AASN coupling plays an important role in double A hypernuclei. 
However, a suppression of this coupling coming from the Pauli blocking on the nucleon 
becomes sizeable in medium-heavy hypernuclei. On the contrary, the AA-SS strong 
coupling will be less important for the large mass difference (Am ~ 155 MeV). 

The study of S- and A A-hypernuclei is closely related to the observation of hy¬ 
peron mixed states due to the AA-SA-SS couplings and, in particular, to the 
search for a stable if-particle. The latter is predicted to be a six quark state con¬ 
taining two u, two d and two s quarks coupled into a singlet SU{3) state of both 
colour and havour: it should have = O’*", / = 0 and it should be stable against 
strong decays (obviously, if its mass is smaller than twice the A mass). This ob¬ 
ject has baryonic number 2 but it is not an ordinary nuclear state, namely the 
three quark clusters contained in H are deconhned. This kind of di-baryon was 
predicted by Jaffe in 1977 within a quark bag model. Nowadays, searching ex¬ 
periments are running p3|,[7I|, [7^-[77| . From observations on double-A-hypernuclei, 
the expected mass is mu = 2mA + Bh > 2mx — 28 MeV The hrst cal¬ 

culation by Jaffe found a large value for Bh (—80 MeV). Should the binding energy 
of the if-dibaryon be more attractive than the binding energy of two A’s in nuclei, 
Bh < Haa = ^(aa^Z) — M(^Z) — 2mA, then the di-baryon should be strongly emit¬ 
ted from the nucleus (aa^Z —^ + H), and the hypernucleus would have a very 
short lifetime. On the contrary, if Bh > Haa, successive decays of the two hyperons 
(weak processes) should be observed, but this would not necessarily imply the non¬ 
existence of the H di-baryon: the AA interaction could also be attractive, although 
weaker than Raa- R is then clear that, in this sense, the stability of double-A hyper¬ 
nuclei may hinder the experimental detection of the if-particle: the observation of 
the weak decay of a double-A hypernucleus only excludes the H mass in the region 
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niH < 2mA + -Baa- From the present experimental searches there is no unambiguous 
evidence which supports the existence of di-baryon resonances in the strange sector. 

Studies of the AA contribution to the experimental binding energy Saa are quite 
difficult because of the few data available on double-A hypernuclei and of the density 
dependence of the AA interaction [AASN coupling, three body forces, etc). This 
interaction occurs by the exchange of / = 0 mesons at lowest order, which favours an 
attractive character for Vaa- Nuclear emulsion experiments reported the observation 
of three double-A hypernuclei: aa^s, aa^® aa^- From these events, an effective 
A A matrix element —(Vaa) — Ai?AA = I-Baa I — 2|i?A| — 4 -h 5 MeV was deter¬ 
mined, |i?AA| being the separation energy of the A pair from the aa^Z hypernucleus 
and |i?A| the hyperon separation energy from the a^^Z hypernucleus. However, a 

0 . 


favours a 


very recent counter-emulsion hybrid experiment, performed at KEK 
quite weaker AA interaction; = 1.0llo;23 MeV. The authors of Ref. 


advanced the hypothesis that in the previous emulsion experiments, the single-A hy¬ 
pernuclei were produced in excited states. In this case, a value of ARaa around 1 
MeV is expected also from these experiments. The production of aaH hypernuclei 
has been reported, very recently, in a counter experiment at BNL |]^. Unfortunately, 
due to the limited statistics, the authors have not determined ARaa- The quantity 
ARaa, called AA bond energy, is expected to decrease as the nuclear mass number 
A increases and goes to zero in the limit A —>■ cxo: for increasing A the attraction 
between the A’s becomes weaker because of the larger AA average distance. We note 
here that in Ref. [Q the author, by using the Skyrme-Hartree-Fock approach, found 
the approximation —(Vaa) — ARaa between AA interaction strength and bond en¬ 
ergy to be questionable. Indeed these quantities seem to be sizeably affected by the 
interplay of several factors, such as the spatial distributions of the A’s and the core 
polarization: for aaF the author evaluated —(Vaa) — 2.1 -h 5.6 MeV (depending on 
the various parameterizations used for the AA Skyrme potential) once the AA po¬ 
tential was adjusted to reproduce the value ARaa = 4.8 MeV of the old emulsion 
experiment. In a double-A hypernucleus the two hyperons are in the ^Sq relative 
state (the ^So is not allowed by Pauli principle). We can then compare the AA in¬ 
teraction matrix elements with the ones for An and neutron-neutron interactions 
in light systems: — (Vati) — 2 -h 3 MeV, — (Wn) ^ 6 -h 7 MeV. We know that the 
nn system is not bound. However, a ^Bq AA bound system, which has a smaller 
matrix element than nn, cannot be excluded on this basis because of the unknown 
balance between the short range repulsion and the intermediate distance attraction 
in the AA interaction. On the other hand, also the AA-SN coupling must be taken 
into account . Measurements of Raa in medium and heavy double-A-hypernuclei 


are expected, too. 

We conclude this section by recalling that hypernuclei are always unstable with 
respect to weak decay. A variety of processes are in principle accessible (which do not 
have counterpart in the non-strange sector). Limiting ourself to AS = 1 transitions 
we have: 


for A-hypernuclei: 


AN nN (Q~ 176 MeV); 
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for S-hypernuclei: 


EAT 

• for H-hypernuclei: 

EN 


• for AA-hypernuclei: 

AA 


• and many other processes for multi strangeness systems {S < —3), for example: 

(Q ~ 174 MeV), 

{Q ~ 199 MeV), 

Iq ~ 199 MeV). 

These decays are expected to have lifetimes of the order of 10“^° sec or less. However, 
when hyperons other than the A are embedded in a nucleus, strong processes, which 
have very short lifetimes (r ~ 10“^^ -h 10“^^ sec), dominate over the quoted weak 
decays, preventing them to occur. For double-A hypernuclei, the A-induced weak 
decay rates [Eq. (|^)] of s-shell systems are estimated |^,|^ to be suppressed by 
a factor 25 70 with respect to the free A width, and are impossible to detect at 

present. 



NN (Q~ 255 MeV); 


AN (Q~ 202 MeV), 
EN (Q~ 123 MeV); 


An (Q ~ 176 MeV), 
EN (Q~97MeV); 


( 1 ) 
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2 Production of hypernuclei 


2.1 Introduction 

The new development (in the last 15 years) of counter experiments have opened a new 
phase of hypernuclear physics. In fact, the old experiments in the 60’s used emulsion 
and bubble chamber techniques and, practically, they only measured the hyperons 
binding energies. Through counter techniques, the experiments have discovered new 
and interesting features of the hypernuclear structure, although several questions still 
remain unsolved. 

Hypernuclei can be produced by using strong processes in which a particle (gen¬ 
erally a pion or a kaon) hits a nucleus. Since strangeness has to be conserved, one 
can use the following production reactions: 

1. Processes with strangeness exchange: 


K-n - 

Att , 


SOtt-, 


S-TfO, 

K-p - 



S+TT- 


Att®, 


SV; 


2. Processes with associated production of strange hadrons: 


7r’'‘n - 

AK+, 

soa:+. 


Ti^p - 

s+a:+. 


IP 

AK+ 

(photoproduction), 

e~p - 

e-AK+ 

(electroproduction) 

pN 

AK+N 

(proton — induced) 


3. Reactions in which strangeness exchange and associated production of strangeness 
are combined (used for the production of S' = —2, —3 hypernuclei): 


K-p - 

s-a:+. 


'EAK\ 


K+K^^l-, 

K-n - 


K-p - 

Att®, followed by 

pp 

-4 SORT+AT+n. 


ttV —^ AiP+, 


In the following, we denote with N{a, b)Y, or simply with (a, b), the process: 


aN Yb, 
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Figure 4: Momentum gy transferred to the hyperon y as a function of the projectile 
momentum in the laboratory frame piab for the reaction aN —>■ Yb a.t = 0° 

(taken from Ref. p7[|). 


where is a nucleon and Y a hyperon. The considered reactions have different 
characteristics depending on their kinematics. In the following we shall see that, be¬ 
cause of the complementarity of the reactions, the combined use of various production 
modes is important for exhaustive spectroscopic studies. 

In order to produce a hypernucleus, the hyperon emerging from the reaction has 
to remain inside the nuclear system. The formation probability of a hypernucleus 
depends on the energy transferred in the production. When the momentum trans¬ 
ferred to the hyperon, gy, is much larger than the nuclear Fermi momentum kp, the 
hyperon has a very small sticking probability and it leaves the nucleus. Instead, when 
gy < kp, the hyperon is created, with a high probability, in a bound state. In hgure || 
are shown the momenta transferred to the hyperon Y in the reactions N{a,b)Y as 
a function of the projectile momentum pa at Ob = 0° in the laboratory frame. With 
the exception of the (iF“,7r^) reactions, the other ones reported in the hgure are 
endoenergetic, therefore the hyperon cannot be produced at rest: gy decreases as the 
projectile momentum increases but it remains hnite for high pa- In this situation the 
hyperon is produced with a non-negligible probability above its emission threshold, 
namely with B\ > 0 (quasi-free production). Some hypernuclear states in the contin¬ 
uum may be quasi-bound state: they do not emit the hyperon but nucleons and/or 
cluster of nucleons. 

2.2 The {K- ■,7r±) strangeness exchange reactions 

In the {K~, tt^) production reactions the incident K~ transforms the struck neutron 
(proton) into a A or (S“) and a n~ (tt^) is emitted with an energy spectrum which 
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is directly related to the populated hypernuclear level. The reactions n{K , tt )A, 

0 to produce A- 


p(A'“,7r+)S“ (used for the hrst time at CERN and BNL 
and E-hypernuclei) are esoenergetic and can create the hyperon at rest {qy = 0). 
By considering, as an approximation, the initial neutron in n{K~,7r~)A at rest, the 
transferred momentum is zero, px = P-w = P, and the pion is emitted at 6^ = 0° in the 
laboratory frame. Thus, from energy-momentum conservation: 


\jp'^ + + mx = ruA + + 


mt 


and the momentum for the production of the A at rest (called magic momentum) can 
be derived as follows: 


Ek = \ p + ml^ = 


m\-ml + (mA - niNf 
2(mA - ruM) 


p ~ 530 MeV. 


If the production reaction is p{K ,vr''')E , the kaon magic momentum is p ~ 280 
MeV. 

Since both the initial K~ and the final pion are strongly absorbed in the nucleus 
(they have a small mean free path), the kaon induced reactions preferentially populate 
less bound A-levels and they have been only employed for s- and p-shell hypernuclear 
studies. Moreover, the low intensity and poor resolution of the kaon beams hinder 
the use of the (A'“,7r^) reactions. 

By using the strangeness exchange reaction at 6^ = 0°, the hyperon is predomi¬ 
nantly produced in a state with the same quantum numbers of the struck nucleon, 
namely the neutron hole and the A are coupled to = O’*" and Al = 0 (substitu¬ 
tional reaction). By increasing 6 the relative importance of Al = 1,2, etc transitions 
increases, and hypernuclear states with higher spin can be produced. From measures 
at both 6* ~ 0° and 6* > 10 -=-15° it has been possible to study a large part of the level 
structure of light hypernuclei 


, 33 


Spectroscopic studies with the reaction n{K~, 7i~)A in a few hypernuclei (a^C, O 
and others) have shown that the spin-orbit part of the A-nucleus mean potential is 
very small compared to the one of a nucleon p8H30[|, although the exact magnitude 


is not known yet. Taken, for instance, the case of O, the measured A and nucleon 
Pi/2 — P3I2 spin-orbit shifts are p8| : 


AE 




O; lpi /2 - IP 3 / 2 ) < 0.3 MeV -C AE^CaO] lpi /2 - 1 ^ 3 / 2 ) - 6 MeV. 


This estimate comes from the observed peaks in the excitation spectrum, which are 
reported in table ^ with the relative {N~^,A) conhgurations. We see that the pi /2 — 
V‘i/2 spin-orbit separation for the nucleon is obtained by subtracting the energies of 
peaks #3 and #4. From the observation that almost the same separation exists 
between the peaks ^1 and 7 )^ 2 , we can infer that the analogous spin-orbit separation 
for the A is compatible with zero. Subsequent experiments have conhrmed 

small A spin-orbit splittings. Very recently, the hyperon lpi /2 — IP 3/2 splitting of a^C 
hypernuclei, produced by the ^^C(A'“, 7r“)jf C reaction, has been measured at BNL 
H , with the result: 


AFa(a C; lpi/2 - IP 3 / 2 ) 


= 0.152 ±0.065 MeV 

<< AExi^G] lpi /2 - IP 3 / 2 ) ^3^5 MeV. 
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Table 1: Peaks observed at CERN in JfO production (taken from Ref. [^). 


Peak 

Ba (MeV) 

Conhguration 

#1 

3.5 

(^7*3/2’ lP3/2)./^=0+ 

#2 

-2.5 

(lPV2’ 1PV2)0+ 

#3 

-7 

(^7*3/2’ ^'^ 1 / 2 ) 1 " 

#4 

-13 

( 17 * 1 / 2 ; l'®l/2)l“ 


To our best knowledge, only the analysis of Dalitz et al. [Q of old emulsion data 
on JfO found larger effects: AEa(\® 0; lpi /2 — IP 3 / 2 ) = 1-30 -h 1.45 MeV. On the 
other hand, the smallness of the A-nucleus spin-orbit interaction arises naturally 
in a relativistic mean held description [^. The A pi /2 — P 3/2 splitting is generally 


considered to be originated predominantly from the KN spin-orbit force acting on the 
A in the pi /2 and p ^/2 levels of the A—system. However, excitations of the core may 
contribute to the spin-orbit splitting as well especially in heavy hypernuclei 

2^^]. Hence, the smallness of the A spin-orbit splittings does not necessarily imply 
a weak AN spin-orbit interaction^: we also have to take into account the response 
of the nucleons’ core to the added A, which can modify the mentioned shifts itself. 
Indeed, there is evidence that the core response is able to reduce signihcantly 
the A spin-orbit splitting, already in Hypernuclear structure calculations with 
core-excited states [^, Q will be important in future analysis. 

In the last 15 years the strangeness exchange reaction has been used at BNL 
for production and decay studies of hypernuclei from to However, 


because of the small momentum transfer and the large background coming from the 
in-flight kaon decays, the measurement could not be extended to heavy hypernuclei. 

the {K~,7i~) reaction conhrmed the existence of 


and KEK 57, 58 


At BNL H, 

the |He bound state, which was under discussion for about ten years. 

The (stoppediL”, 7i~) reaction has been used at KEK Q, and, in the near 

future, will be employed at Da$ne [Q, the Frascati 0-factory. Moreover, this process 
was the standard method to produce A-hypernuclei in emulsion and bubble chamber 
experiments during the 60’s. When the K~ is stopped in the target, it is captured 
into an atomic level and then, after cascade down to inner levels, it is absorbed in the 
nuclear surface, converting a nucleon into a A or S. The momentum transferred to the 
produced A is close to kp (for 0° scattering-angle, qa — 250 MeV), while when a E is 
produced, gs — 180 MeV. The process with absorption of a kaon at rest in nuclei has 
the good feature of a large production yields, especially for S-hypernuclei , and a 
large number of hypernuclear states is accessible. Moreover, differently from the in¬ 
flight reaction, it allows a clean separation of the quasi-free hypernuclear production 
(because of the larger transferred momentum), resulting in a better determination of 
the weak decay rates, especially in light systems |4^ . 


^Yet, we know that it is smaller than the NN spin-orbit force, with a ratio /^an — 3 10 

between the strengths expected from phenomenological studies of the baryon-baryon potentials [p, 
BUI- Very recent results from hypernuclear high-precision 7 -ray spectroscopy experiments |^, Q 
seem to suggest an even smaller AN spin-orbit interaction: V/vw/fAV* >>10 [|3|. 
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At KEK IQ, the mesonic decay widths (A — tiN) for and ^He, produced by 
the in-flight reaction, have been measured quite accurately. The A decay into vr^n 
has been directly identified for the first time in ^He. Similarly, a measurement of 
the TT^n decay channel for and is presented in Ref. [Q. Observations of this 
kind are of great importance also in connection with a proper parameterization of the 
7r°-nucleus optical potential. 


2.3 The n(7r^, K^)k. strangeness associated production reac¬ 
tion 

When a hits a neutron, by the creation of a ss quark pair one has the associ¬ 
ated production of two strange hadrons in the hnal state: the s-quark becomes a 
constituent of a A and the s is transferred to the meson, which becomes a . The 
?7,(7r''', A'’'')A reaction is complementary to the n{K~,7r~)A one. In fact, differently 
from the latter, the former is best suited for studying deeply bound states in medium 
and heavy hypernuclei |Q,Q|. It allows almost background free spectra and it has 
the advantages of using good quality and large intensity pion beams. In addition, the 
hnal is moderately distorted by the nucleus {\k+ — ‘^^k- — 2A^± ~ 4 fm). The 
reaction n(7r''', A'’'')A thus preferentially populates bound states with high (n“^,A) 
spin conhgurations. Since the mass of the hnal strange hadrons pair is sizeably larger 
that the mass of the initial particles, the ?7,(7r''“, A'’'')A reaction is endothermic, with 
a quite large momentum transferred to the hyperon: qy — 300 -i- 400 MeV at 0° 
scattering-angle (see hgure^). Hence, this reaction is able to populate all possible A 
levels, from the deepest one up to the quasi-free region. We note that when the A is 
produced above its emission threshold, namely in the quasi-free region, it may leave 
the nucleus or spread its energy inside the nucleus. In the latter case, by the emission 
of nucleons and/or photons, a variety of hypernuclear states are accessible. Because 
of the relatively large momenta transferred to the hyperon, the relevant cross section 
for the associated production reaction is one/two orders of magnitude smaller than 
the one typical of the strangeness exchange reaction. However, this defect is over¬ 
compensated by the high intensity of the available pion beams. From experiments 
using this reaction we have high quality information about the spectroscopy of many 
light to heavy A-hypernuclei p5|-p^, Q] . 

The associated production reaction has been used for the hrst time at BNL Q, 
P7[1 for while more recently it has been employed at KEK Q, Q|. Here, 
it allowed to accurately measure the lifetime of A-hypernuclei over a broad range 
of mass numbers |Q] (from to I^Fe, and data on are under analysis now), 
with the explicit identification of the produced hypernuclei. Moreover, (7r~^,K~^) 
spectroscopy experiments at KEK |p5 i|100|] observed double-peak structures in 
j^O, and interpretable as A spin-orbit splittings. The magnitude of the 
shifts suggests a A-nucleus spin-orbit interaction stronger than the one extracted 
from {K~,7i~) experiments. However, the interpretation of the measured spectra is 
still under discussion. 

At KEK | 1U1 | the ?7,(7r’'', A'’'')A reaction has been also utilized to measure the 
weak decay width for A —>■ 7r~p in )/C. This measurement has been carried out with 
a relatively small error and allowed a quite precise determination of the medium 
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distortion acting on the pion coming out from the decay, a useful point for a better 
understanding of the pion-nucleus interactions. 

The KEK Superconducting Kaon Spectrometer worked with an energetic resolu¬ 
tion of 1.5 -h 2 MeV FWHMQ. Nowadays, there is an effort for sub-MeV resolution 
spectroscopy (and pion beams with high statistics and intensity), again by using 
the reaction, at the Japan Hadron Facility (JHF) ||102|| . The use of high 

resolutions is important, in particular, for the observation of the hypernuclear hne- 
structure and, in turn, for a better understanding of the AN spin-isospin dependent 
interactions. 


2.4 The ]?(e, e', K^)K reaction 

The electroproduction reaction is characterized by large momentum transfer (~ 350 
MeV) and by the dominance of the spin-flip amplitudes in the elementary process 
p( 7 , K^)A. Thus, the electroproduction cross sections are small and the reaction 
mainly populates stretched and unnatural parity hypernuclear states. The smallness 
of the (e, e', K^) reaction cross section is partially compensated by the high intensity 
of the initial electron beam relatively to that of the hnal kaon beam. This reaction 
could complement our knowledge of hypernuclear spectroscopy derived from stud¬ 
ies performed with meson beams. Indeed, the high precision of electron beams can 
considerably improve the quality of experimental data. Moreover, the and 

(vr"'', K^) reactions hardly produce ground states and deep-hole states in heavy hy¬ 
pernuclei, because of the strong pion and kaon absorption in the nuclear medium. 
Unnatural parity states are also difficult to excite in {K 
ments, due to their moderate spin-flip amplitudes 
At TJNAF laboratories 


- 


TT^) and (7r’'',A'+) experi- 


103|, by using the electroproduction reaction, hypernu¬ 


clear levels will be observed with high-resolution (~ 0.6 MeV FWHM) and, through 
hssion fragment detection techniques, the lifetimes of heavy hypernuclei will be mea¬ 
sured with great accuracy and precise identihcation of the decayed system ||104 . 


^Full Width at Half Maximum 
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3 Weak decay modes of A—hypernuclei 

3.1 Introduction 


In the production of hypernuclei, the populated state may be highly excited, above one 
or more threshold energies for particle decays. These states are unstable with respect 
to the emission of the hyperon, of photons and nucleons. The spectroscopic studies 
of strong and electromagnetic de-excitations give information on the hypernuclear 
structure which are complementary to those we can extract from excitation functions 
and angular distributions studies. Once the hypernucleus is stable with respect to 
electromagnetic and strong processes, it is in the ground state, with the hyperon in the 
Is level, and can only decay via a strangeness-changing weak interaction, through the 
disappearance of the hyperon. This is the most important decay mechanism, because 
it opens the possibility to study some very interesting questions, which have been 
quoted in the introduction of section |l|. 

Now we come to the main subject of the review, the study of the weak decay of A- 
hypernuclei. In the next two subsections we briefly discuss the main characteristics 


of the decay channels for these systems. In subsection 3^ we will introduce the 
mesonic mode (A —> ttN), which resembles what happens to the A in free space, and 
in subsection p.3| the so-called non-mesonic modes {AN NN, ANN NNN, 
etc), which can only occur in nuclear systems. Semi-leptonic and weak radiative A 
decay modes: 


A 


ny 

p7r“7 

pe~Ve 


(B.R. 

(B.R. 

(B.R. 

(B.R. 


1.75-10-=^), 

8.4-10-^), 


are neglected in the following, being, in free space, orders of magnitude less important 
than the mesonic decay (B.R. = 0.997). 


3.2 Mesonic decay 

The free A decays via the pionic channels: 

A ^ 7i-p = 0.639) 

7r% (rfo^vr^'^ = 0.358), 

with a lifetime rl"®® = = 2.632 ■ 10“^° sec. 

The experimental ratio of the relevant widths, r7®/r)):o® ~ 1.78, and the A polar¬ 
ization observables are compatible with the AJ = 1/2 rule on the isospin change (for 
T^e/rfi-ee foUows from a simple Clebsch-Gordan analysis), which is also valid 
for the decay of the S hyperon and for pionic kaon decays (namely in non-leptonic 
strangeness changing processes). Actually, this rule is slightly violated in the A free 
decay, since it predicts T^^/T)):®® = 2 (taking the same phase space for the two chan¬ 
nels and neglecting the hnal state interactions). Nevertheless, the ratio A 1 / 2 /A 3/2 
between the AJ = 1/2 and the AJ = 3/2 transition amplitudes is very large (of the 
order of 30). This isospin rule is based on experimental observations but its dynam¬ 
ical origin is not yet understood on theoretical grounds. On the other hand, it is 
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not clear whether it is a universal characteristic of all non-leptonic processes with 
AS* 7 ^ 0. The A free decay in the Standard Model can occur through both AJ = 1/2 
and AJ = 3/2 transitions, with comparable strengths: an s quark converts into a 
u quark through the exchange of a IT boson. Moreover, the effective 4-quark weak 
interaction derived from the Standard Model including perturbative QCD corrections 
(box and penguin quark diagrams, namely one-loop gluon radiative corrections) gives 
too small A 1 / 2 /A 3/2 ratios (~ 3-i-4, as calculated at the hadronic scale of about 1 GeV 
by using renormalization group techniques [[105| , |106| ). Therefore, non-perturbative 


QCD effects at low energy (such as hadron structure and reaction mechanism), which 
are more difficult to handle, and/or hnal state interactions could be responsible for 
the enhancement of the AJ = 1/2 amplitude and/or the suppression of the AJ = 3/2 
amplitude. In the low energy regime, chiral perturbation theory is the effective theory 

ira 


which is usually employed for describing hadronic phenomena 


However, it is 


well known that, when used in connection with perturbative QCD corrections, it is 
not able to reproduce the rates for hyperon non-leptonic weak decays. 

Taking into account energy-momentum conservation in the mesonic decay, m\ is 
equal to \/p‘^ + rn^ + \/p'^ + m\ in the center-of-mass system, thus the momentum 
of the hnal nucleon is p ~ 100 MeV and corresponds to an energy release Qx — 
ruA—mAT— tUtt ~ 40 MeV. We have neglected the binding energies of the recoil nucleon 
and A, which tend to decrease p. Hence, in nuclei the mesonic decay is disfavoured by 
the Pauli principle, particularly in heavy systems. It is strictly forbidden in normal 
inhnite nuclear matter (where the Fermi momentum is kp ~ 270 MeV), while in hnite 
nuclei it can occur because of three important effects: 

• In nuclei the hyperon has a momentum distribution (being conhned in a limited 
spatial region) that allows larger momenta to be available to the hnal nucleon; 


The hnal pion feels an attraction by the medium, such that for hxed momentum 
q it has an energy smaller than the free one < \/, and conse¬ 

quently, due to energy conservation, the hnal nucleon again has more chance to 
come out above the Fermi surface. It has been shown ||1U8| , |1U9| that the pion 
distortion increases the mesonic width by one or two orders of magnitude for 
very heavy hypernuclei [A ~ 200) with respect to the value obtained without 
the medium distortion. For light and medium hypernuclei this enhancement 
factor is smaller, being about 2 for A ~ 16. 


• At the nuclear surface the local Fermi momentum is considerably smaller than 
k^p (namely the Pauli blocking is less ehective) and favours the decay. 

Nevertheless, the mesonic width rapidly decreases as the nuclear mass number A of 
the hypernucleus increases ||108| , |109|] . A further (but very small) effect which reduces 
the mesonic rate, especially in medium and heavy hypernuclei, is the absorption of the 
hnal pion in the medium. Actually, while energy-momentum conservation forbids the 
absorption of a on-shell pion by a free nucleon, the absorption by a correlated pair of 
nucleons is allowed for both on- and off-shell pions, and the corresponding A decay is 
observed as non-mesonic, resulting in a hnal state with 3 nucleons: ANN —> NNN. 
Hence, the mesonic channel is strictly related to the three-body non-mesonic decay. 
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From the study of the mesonic channel it is possible to extract important infor¬ 
mation on the pion-nucleus optical potential, which we do not know nowadays in a 
complete and unequivocal form from pionic atoms and low energy pion-nucleus scat¬ 
tering experiments (on the other hand, no data are available for neutral pions). The 
nuclear mesonic rate, Fm = F^^- + F^o, is very sensitive to the pion self-energy in the 
medium ||108H110l|: it is signihcantly enhanced by the attractive P-wave part of the 


optical potential, but exclusive decays to closed shell nuclei mainly select the repul¬ 
sive P-wave interaction and reduce the mesonic rate with respect to the calculation 
using non-distorted (free) pion waves. 

The mesonic width is also extremely sensitive to the Q-value of the process, 
Qa — 40 MeV -|-Pa ~ -Bat, which is in fact very small and decreases with the nuclear 
mass number. This implies a great sensitivity of the available phase space to the mass 
of the hnal light particle, i.e. the pion (in analogy with the problem of determining 
the neutrino mass from the nuclear (3 decay), and to the A and hnal nucleon binding 
energies. It is then clear that a systematic measurement of the mesonic decays in 
medium-heavy systems is strongly advisable. Unfortunately, no data are nowadays 
available on the mesonic decay for A > 56 hypernuclei, apart from some old emulsion 
and bubble chamber limits for 40 < A < 100 111 11 . 


From calculations and experiments on mesonic decays of s-shell hypernuclei we 
have evidence for a central repulsion in the A-nucleus mean potential BSEl 
(named, for this reason, “Isle” potential). This is an indication for a particular balance 
between the strongly repulsive KN interaction at short range, which automatically 
appears in quark based models [^, ^], and the weak (with respect to the NN one) 
KN attraction at intermediate distances. 

The following consideration about the Pauli principle in very light systems is in¬ 
teresting. We have discussed how the Pauli exclusion principle suppresses the nuclear 
mesonic decay. However, in A = 3 hypernuclei the mesonic decays into two-body 
hnal states are enhanced (with respect to the corresponding free A decays) as a result 
of the anti-symmetrization of the nucleons in the particular hnal states |p.l2| , |113(| . For 
example, the experimental rate for the two-body process )(H—^-^He-fTr" (~ 0.69 F^®®) 
is almost equal to the A — n~p free rate (~ 0.64 F^®®). Adding also the contri¬ 
bution of three-body mesonic decays with a vr” in the hnal state, the rate is about 
the total A free width: F(^H —> 7r“ -|- all) > F^f®. Moreover, again from data. 


vro + all) >F()o^®. 


F(iHe- 

From theoretical calculations ||108| , p.09|| and experimental measurements ||114|| there 
is evidence that the Fjr-/F.n-o ratio in nuclei strongly oscillates around the value 2, 
predicted by the AJ = 1/2 rule for a nucleus with an equal number of neutrons and 
protons and closed shells. However, this is essentially due to nuclear shell ehects 
and might not be directly related to the weak process itself. On the other hand, 
in the calculation of Refs. ||108| , |109| the AJ = 1/2 rule is enforced in the A — ttN 
free vertex; however, shell ehects, also related to the Pauli blocking for the available 
hnal nuclear states, make P 7 r-/F 7 r 0 strongly dependent on the hypernuclear structure. 
We remind the reader that P 7 r-/F 7 r 0 is also sensitive to hnal state interactions and 
Coulomb ehects. 
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Figure 5: One-nucleon (a) and two-nucleon (b) induced A decay in nuclei. 


3.3 Non—mesonic decay 

When the pion emitted from the weak hadronic vertex A —>■ irN is virtual, then it 
will be absorbed by one or more nucleons of the medium, resulting in a non-mesonic 
process of the following type: 


An - 

nn (F„), 

(2) 

Ap - 

np (Fp) , 

(3) 

ANN - 

nNN (F 2 ) . 

(4) 


The total weak decay rate of a A-hypernucleus is then: 

Ft = Fm + Fnm, 


where: 


Tm — hjr- + FttO, Fnm — Fi + F2, Fi — F„ + Fp, 

and the lifetime is r = h/T^. The channel (^) can be interpreted by assuming 
that the pion is absorbed by a pair of nucleons correlated by the strong interaction. 
Obviously, the non-mesonic processes can also be mediated by the exchange of more 
massive mesons than the pion (see hgure ^). 

The non-mesonic mode is only possible in nuclei and, nowadays, the systematic 
study of the hypernuclear decay is the only practical way to get information on the 
weak process AN —>■ NN (which provides the first extension of the weak AS = 0 
NN —NN interaction to strange baryons), especially on its parity-conserving part, 
which is masked by the strong interaction in the weak NN NN reaction. In 
fact, there are not experimental observations for the process AN NN using A 
beams: it is, however, under study (at COSY p| and KEK 0) the measurement 
of the (low) cross section for the inverse reaction pn —> pA, which could give much 
cleaner information. 
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The precise measurement of T^ and Tp in s-shell hypernuclei is very important 
for the study of the spin-isospin dependence and of the validity of the AJ = 1/2 rule 
in the non-mesonic processes (see the analysis presented in subsection b.3|) ; on the 
other side, it is relevant in connection with the hypernuclear structure dependence, 
which is rather important in these very light systems. In s-shell hypernuclei all 
nucleons are confined (as the hyperon) into the s-level, while complications arise 
with increasing mass number, due to the appearance of more initial AN states and of 
the nucleons’ rescattering inside the residual nucleus, which entangles the kinematics 
of the measured nucleons. 

The final nucleons in the non-mesonic processes emerge with large momenta: 
disregarding the A and nucleon binding energies and assuming the available energy 
Q = rriA — mjA — 176 MeV to be equally splitted among the final nucleons, it turns 
out that Pat ~ 420 MeV for the one-nucleon induced channels [Eqs. (@), (^] and 
Pjv — 340 MeV in the case of the two-nucleon induced mechanism (^. Therefore, the 
non-mesonic decay mode is not forbidden by the Pauli principle: on the contrary, the 
final nucleons escape from the nucleus with great probability and the non-mesonic 
mechanism dominates over the mesonic mode for all but the s-shell hypernuclei. 
For very light systems the two decay modes are competitive, the smallest value for 
the non-mesonic width corresponding to hypertriton, where it is evaluated to be 
1.7% of the A free decay rate ||115|| . The non-mesonic channel is characterized by 
large momentum transfer, thus, apart from very light hypernuclei, the details of the 
hypernuclear structure do not have a substantial influence (then providing useful 
information directly on the hadronic weak interaction). On the other hand, the NN 
and AN short range correlations turn out to be very important. 

There is an anticorrelation between mesonic and non-mesonic decay modes such 
that the experimental lifetime is quite stable from light to heavy hypernuclei H, 
114||, apart from some fluctuation in light systems because of shell structure effects: 


'Ta = (0.5 -i- 1) Since the mesonic width is less than 1% of the total width for 
A > 100, the above consideration implies that the non-mesonic rate is rather constant 
in the region of heavy hypernuclei. This can be simply understood from the following 
consideration. If one naively assumes a zero range approximation for the non-mesonic 
process AN NN (actually, the range is not zero, but very small, due to the large 
transferred momenta), Ti is proportional to the overlap between the A and nuclear 
densities: 


ri(A) oc / dr |'0A(fOlVA(r), 


where the A wave function 'ipA (nuclear density pa) is normalized to unity (to the 
nuclear mass number A). This overlap integral increases with the mass number and 
reaches a constant value: by using, for simplicity, A harmonic oscillator wave functions 
(with frequency ut adjusted to the experimental hyperon levels in hypernuclei) and 
Fermi distributions for the nuclear densities, we find ri()/C)/ri(^°®Pb) ~ 0.56, while 
Ti is 90 % of the saturation value for A ~ 65. In figure ^ the qualitative behaviour 
of mesonic, non-mesonic and total widths as a function of the nuclear mass number 
A is shown. For A < 11 the experimental data are quite well fitted by Tnm/Ta®® ~ 
O.IA: Ti (namely the probability of the AN NN process) is proportional to the 
number of AN pairs. A, as it is expected from the above simple description, where we 
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A+1 


Figure 6: Qualitative behaviour of mesonic, non-mesonic and total decay widths as 
a function of the baryonic number ^4 + 1. 


neglect the contribution of r 2 . Actually, the observed saturation of the AN —> NN 
interaction is strictly related to its range: the saturation occurs when the radius of 
the hypernucleus becomes sensitively larger than the range of the interaction. By 
inspecting the experimental data of Refs. we can conclude that the 

decaying A can interact at most with about 15 -h 20 neighbouring nucleons, namely 
almost exclusively with s- and p-shell nucleons. However, for a more quantitative 
explanation it will be important to collect data (with good precision, like in the KEK 
experiment [Q or in the planned FINUDA [^]) for hypernuclei between and 
^®Si and in the region A = 100 -h 200. Yet, from the available data one can say, 
very roughly, that the long distance component of the AN NN interaction has a 
range of about 1.5 fm and corresponds, as we expect, to the OPE component of the 
interaction. 


3.3.1 The F„/Fp puzzle 

Nowadays, the main problem concerning the weak decay rates is to reproduce the 
experimental value for the ratio F„/Fp between the neutron- and the proton-induced 
widths An —>■ nn and Ap —>■ np. The theoretical calculations underestimate the 
central data for all considered hypernuclei (see tables M): 






0.5 < .! 

-L T) 


Exp 


< 2 


(only for ^He this ratio seems to be less than 0.5), although the large experimental 
error bars do not allow to reach any dehnitive conclusion. The data are quite limited 
and not precise because of the difficulty in detecting the products of the non-mesonic 
decays, especially for the neutron-induced one. Moreover, the present experimental 
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energy resolution for the detection of the outgoing nucleons do not allow to identify 
the hnal state of the residual nuclei in the processes + nn and ^Z —>• 

— 1) + np. As a consequence, the measurements supply decay rates averaged 
over several nuclear hnal states. 

In the one-pion-exchange approximation, by assuming the AJ = 1/2 rule in the 
A —> Ti~p and A ^ free couplings, the calculations (discussed in the next section) 
give small ratios, in the range 0.05-i-0.20. This is due to the AJ = 1/2 rule, which hxes 
the vertex ratio VA,r-p/lA 7 r 0 n = ~\/2 (both in S- and P-wave interactions), and to the 
particular form of the OPE potential, which has a strong tensor and weak central and 
parity-violating forces: the large tensor transition AA(^S'i) —>■ NN{^Di) requires, 
in fact, I = 0 np pairs in the anti-symmetric hnal state. In p-shell and heavier 
hypernuclei the relative AN L = 1 state is found to give only a small contribution 
to tensor transitions for the neutron-induced decay, so it cannot improve the OPE 
ratio. The contribution of the AN L = 1 relative state to Pnm seems to be of 
about 5 -h 15% in p-shell hypernuclei ||116H118f| . For these systems we expect the 


dominance of the S'-wave interaction in the initial state, due to the small AN relative 
momentum. By using a simple argument about the isospin structure of the transition 
AN NN in OPE, it is possible to estimate that for pure AJ = 3/2 transitions 
(hA 7 r-p/hA 7 r 0 n = VV^) the OPE ratio can increase up to about 0.5. However, the 
OPE model with AJ = 1/2 couplings has been able to reproduce the one-body 
stimulated non-mesonic rates Pi = P„ + Pp for light and medium hypernuclei ||117| - 
121|| . Hence, the problem seems to consist in overestimating the proton-induced rate 
and underestimating the neutron-induced one. 

In order to solve this puzzle (namely to explain both P„ + Pp and P^/Pp), many 
attempts have been made up to now, but without success. We recall the inclusion in 
the AN NN transition potential of mesons heavier than the pion (also including 
the exchange of correlated or uncorrelated two-pions) ||117| - |12U| , |122| - |125| , the inclu¬ 
sion of interaction terms that explicitly violate the AJ = 1/2 rule | 126 - 128|] and the 
description of the short range baryon-baryon interaction in terms of quark degrees 
of freedom (by using a hybrid quark model in ||129|| and a direct quark mechanism in 
121| , p. 301 , 11 3 1|| ), which automatically introduces AJ = 3/2 contributions. The calcu¬ 


lations of Refs. ||117| , p.l8| , |125| , p!M| , |132|| are the only ones which have found a sizeable 
increase of the neutron to proton ratio with respect to the OPE value. We shall come 
back to the problem of the Pn/Pp ratio more extensively in subsection [4.2| and section 
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4 Present status of experiment and theory 

4.1 Experiment 

We shortly summarize here the main experiments which have observed the weak decay 
of A-hypernuclei. 

The decay of a hypernucleus was observed for the hrst time in 1952 in a 
nuclear emulsion used for cosmic-ray observations. The experiments on the weak 
decays started in the hrst 60’s and employed negative kaons stopped in emulsions 
and bubble chambers ||133|| . They were mostly based on the detection of the emitted 
negative pions, and only established rough limits on the total lifetimes of s-shell 
A-hypernuclei. 

ra 


In the following years 


until the hrst 70’s, although with great difficulties 


(the identihcation of hypernuclei was hard, statistics and precision were very low, 
etc), the experiments succeeded in separating the mesonic and non-mesonic A decays 
and established the hrst limits on the partial rates. In these experiments hypernuclei 
were produced by using kaon or pion beams, as explained in section They showed 
that: 


for s-shell hypernuclei the mesonic and non-mesonic widths were comparable, 
hNM/r^- ^ 0.3 ^ 1.5, and 0.3 < T^/Tp < 2; 


for p-shell hypernuclei; rNM/r,r- — 2 -h 7 and 0.6 < T^/Tp < 2; 

for medium and heavy hypernuclei (40 < A < 100) the non-mesonic processes 
were dominant, TNM/rTr- — 100 200, and 1.5 < T^/Tp < 9; 


• the total lifetimes for light hypernuclei {A < 15) oscillated in the interval 
~ 0.3 ^ 1. 

The interest in the detection of hypernuclear decays seems out of stock in the hrst 
70’s, until the hrst half of the 80’s P(]|,|9B|, when at the Brookhaven synchrotron, by 
using modern techniques (scintillators, proportional chambers, etc, which allow direct 
timing observations), it was measured the lifetime of and [^|, produced by the 
(77“, 7r“) reaction. After some years, through the detection of protons, neutrons (from 
non-mesonic decays) and negative pions (from mesonic decays), the partial rates for 
^He and have been measured |Q. The total lifetime was measured directly, and 
the mesonic rate into 7r°n obtained by subtraction; TttO = Tt —r„ —Tp —T^-. It must 
be noted that lifetime measurements are free from nuclear hnal state interactions and 
material ehects, which, on the contrary, ahects very much the measurement of the 
partial rates T^ and Tp. The so-called “modern era” of hypernuclear physics starts 
with counter experiment like these, which very much improved the quality of data. 
More recently, with the same techniques, ^He and ® Be hypernuclei have been studied 
at BNL ||136|| . 


In the middle of the 80’s, at CERN LEAR, the lifetimes of f^^Bi and (pro¬ 


duced by anti-proton annihilation) were measured ||137|| , although with very large 
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error bars, with results comparable with the lifetimes of light hypernuclei. More re 

[0 


cent results, obtained with an improved apparatus, are published in Ref. 


large 


uncertainties remain because of the limited precision of the recoil shadow method. 
The experiment measures the hssion fragments of the produced hypernucleus, with a 
delay time which is equal to the hypernuclear lifetime. In fact, the hssion events are 
mainly induced by the energy released in the non-mesonic decay (the probability of 
a time delayed hssion due to the A decay is more than up to 2 orders of magnitude 
higher than the one of prompt hssion due to other sources El). Experiments of 


this kind are very difficult to perform (the produced hypernucleus cannot be unam¬ 
biguously identihed) and, as already mentioned, the lifetimes are generally measured 
with large errors. Only very recently [42,138, 139|| , more accurate results have been 
obtained from delayed hssion experiments. Nevertheless, there is a certain disagree¬ 
ment among these new data, and the saturation value of the lifetime for very heavy 
hypernuclei is not established with precision. It is important to remind the reader 
that, for the decay of very heavy hypernuclei, the application of more accurate tech¬ 
niques, employing direct timing methods (used, for instance, in the BNL experiment 
of Ref. [Q), is practically impossible due to the large background of light particles. 

In the last 15 years there has been a rapid development of various experiments, 
which have led to a more systematic investigation of hypernuclei, although no ex¬ 
periment has been able to measure directly the whole set of partial decay rates. 
At Brookhaven (starting since 1983) and KEK [p^,p^, pA0[| (since 1989), 

the (7r’'',A'^) strangeness associated production reaction has been used. At Jiilich 
139|| , by using proton-nucleus scattering processes, the total lifetime of 


(COSY) 

very heavy hypernuclei (in the region of bismuth and uranium: A ~ 200 -i- 240) has 
been measured by delayed hssion observations. By using the same techniques ||138|| , 
again at COSY, the lifetime for hypernuclei with mass numbers A = 180±5, produced 
in p-Au collisions, has been obtained. At BNL AGS ||141|| , the j^^B hypernucleus has 
been produced by the (stopped iC“, 7r°) reaction, the A being created on a proton, 
with the hnal detected by a high energy resolution (less than 1 MeV FWHM) neu¬ 
tral meson spectrometer. At BNL ||^ and KEK the process produces 

strangeness —2 hypernuclei, which are important for the study of the AA and 'EM 
interactions. 

Several experiments are planned for the future. At TJNAF laboratories | 103 |, by 
using the electroproduction reaction {e,e', K~^), hypernuclear levels will be observed 
with high-resolution (~ 0.6 MeV FWHM) and, through hssion fragment detection 
techniques, the lifetimes of heavy hypernuclei will be measured with great accuracy 

EHl 


and precise identihcation of the decayed system 


In the near future, within 


the Japan Hadron Facility (JHF) project, at KEK a germanium detector system will 
measure the hypernuclear y-ray transitions with an energy resolution around 300 
KeV FWHM [|102|] . Germanium detectors with a few KeV resolution are already 
collecting y-spectroscopy data at BNL and KEK 1^,1^. Experiments of this kind 


will be essential for a better understanding of the AN spin-dependent interactions. 
Finally, the FINUDA facility [^ will make use of very thin targets (~ 0.1 gr/cm^) 
and large detector acceptance (~ 27r sr). The (stopped K~,7i~) production reaction, 
already employed at KEK [^,|^,|^, will be used, with low energy K~ (~ 16 MeV) 
coming from the decay of the 0 mesons (0 —> K^K~, B.R.= 49.1%). This mesons 
will be created at the Da<hne collider at a center-of-mass energy of 1.02 GeV. 
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The experiment has been designed to work with high production rate (about 80 hy¬ 
pernuclei produced per hour at the e+e” luminosity of 10^^cm“^s“^), high-resolution 
spectroscopy (~ 0.7 MeV FWHM) and high precision in the measurements of the 
weak decay rates (2% statistical error on the total lifetimes for one week of data tak¬ 
ing at £ = 10^^cm“^s“^). The vr” coming from the hypernuclear production could be 
detected by the FINUDA spectrometer in coincidence with all the particles emitted 
in the subsequent decay. It will be possible to measure the F„/Fp ratio with precision 
better than the one of the other running experiments and to use about 10 different 
targets, covering the whole mass range, for a systematic study of production and 
decay of hypernuclei. We think that the wide program of FINUDA could represent a 
new step forward in understanding the hypernuclear phenomena. 

The main results obtained with the above listed experiments will be quoted at the 
end of the next subsection, for a comparison with theoretical predictions. 


4.2 Theory 


We summarize here the historical evolution of the various theoretical approaches 
utilized for the evaluation of the weak decay of A-hypernuclei. Some details of the 
formalisms employed in the calculations are given in the next section. The numerical 
results of the different calculations are reported and discussed at the end of this 
subsection, in tables 

The hrst calculations of the mesonic rate for light hypernuclei date at the end of 
the 50’s ||113||. The Pauli blocking effect for nuclear decay was estimated and used in 


order to assign the spin to the ground state of s-shell hypernuclei. 

The possibility of non-mesonic hypernuclear decay was suggested for the hrst time 
in 1953 ||142|| and interpreted in terms of the free space A —>■ tiN decay, where the 
pion was considered as virtual and then absorbed by a bound nucleon. 

In the 60’s Block and Dalitz ||143H145[| developed a phenomenological model, which 
has been more recently updated ||146Hl48f| . Within this approach, some important 
characteristics of the non-mesonic decays (for instance the validity of the AJ = 1/2 
rule) of s-shell hypernuclei can be reproduced in terms of elementary spin-dependent 
branching ratios for the An —> nn and Ap —>■ np processes, by htting the available 
experimental data (see the discussion in subsection |6.3|) . Although this kind of anal¬ 
ysis makes use of several delicate assumptions, it has the good feature that it does 
not need the knowledge of the effective Hamiltonian for the reaction mechanism. An 
interesting empirical conclusion of Ref. ||144|| , never explained on theoretical ground, 
is the dominance of the AN{^Si) —>■ NN{^Pi) transition, which leads to large F„/Fp 
ratios (~ 1 -h 2) for ^He. Following the phenomenological approach, it emerges that 
in order to establish the degree of violation of the AJ = 1/2 rule in the non-mesonic 
decays of s-shell hypernuclei, we need more precise measurements of F„ and Fp, es¬ 
pecially for ^H. With the present data one cannot exclude a large violation of the 
AJ = 1/2 rule ||147H150| . In Ref. ||150|| the authors came to the conclusion that the 


AJ = 1/2 rule is strongly violated by observing that the experimental lifetimes of 
heavy hypernuclei (in the region A ~ 180 -h 220) seem to favour F„/Fp ratios larger 
than 2, while F„/Fp should be < 2 if the AJ = 1/2 rule is not violated. However, 
we point out that, in the phenomenological analysis, the inequality F„/Fp < 2 for 
nuclear matter is valid if the A decays by interacting only with s-shell nucleons, while 





















in heavy systems p-shell nucleons are expected to contribute too [see Eqs. (0), (0) 
and the discussion of paragraph |6.3.1| for ^^C]. 

After the hrst analysis by Block and Dalitz, microscopic models of the AN NN 
interaction began to be developed. The hrst paper, for nuclear matter, including only 
L = 0 AN relative states, is due to Adams ||151|| (his numerical results are quoted in 
tables 1,0)- He used the OPE description with AJ = 1/2 ANti couplings within a 
Fermi gas model and found a large sensitivity of the decay widths to the NN and AN 
short range repulsive correlations. For AN they were described through the arbitrary 
insertion, in the two-body transition matrix element, of an analytical function which 
was an approximation to the exact solution of the Bethe-Goldstone equation with 
a hard-core potential {vcore — 0.4 fm). The obtained results were not realistic also 
because the employed ANtt coupling was too small to reproduce the A free lifetime. 
Taking this into account, the Adams’ results for Tnm should be multiplied by 6.81, 
as it is done in table |^. 

Afterwards, in order to improve the OPE model, mesons heavier than the pion 
have been introduced as mediators of the AN NN interaction. McKellar and Gib- 
evaluated the width for a A in nuclear matter, adding the exchange of the 


son 


152 


/ 9 -meson and taking into account AN relative S states only. They calculated the ANp 
weak vertex (experimentally not accessible) by using the factorization approximation 
(which, however, contains many ambiguities) and a pole model. The authors assumed 
the AJ = 1/2 rule and made the calculation by using the two possible relative signs 
(being at the time unknown and not hxed by their model) between the pion and rho 
potentials, 14 -|- |V/| and 14 — |14l) with very different results in the two cases. In 
table 1 ^ the listed results are the ones with the (nowadays hxed) right sign, namely 
14 — 1141 . It is important to note that for mesons heavier than the pion, no experi¬ 
mental indication supports the validity of the AJ = 1/2 rule for their couplings with 
baryons (for example, see Ref. ||127|| for an evaluation of the violation of the AJ = 1/2 
rule in the A —pN vertex). Some years later, Nardulli | 153 | determined the rela¬ 
tive sign (—) between vr and p exchange by using a somewhat different pole model, 
also implementing the available information from weak non-leptonic and radiative 
decays. Refs. ||152| , |153|| obtained a non-mesonic width in the (vr -f p)-exchange model 
smaller than the OPE one. This characteristic resulted from a destructive interfer¬ 


ence between the two mesons and would have been conhrmed in the future. In |[153 
the Tn/Tp ratio in (tt -|- p)-exchange resulted sizeably increased with respect to the 
OPE value (see table 0). However, more recent calculations ||12CI| , |154| showed a small 
effect of the / 9 -exchange on P^/Pp. Takeuki, Takaki and Bandb ||155| , |156| applied a 
model with (tt -|- p)-exchange to )(H, ^He and ^He, Ending quite small non-mesonic 
rates when pion and rho have negative relative phase (see table 0). The same result 

for nuclear matter. More recently ||154|| , a (vr -|- p) model 


was obtained in Ref. 152 


has been applied to )^^G. The authors found the central potential from / 9 -exchange 
(omitted in the previous calculations) to be more important than the tensor part. 
Moreover, the Pn/Pp ratio remained unchanged when the rho-meson was included 
(see tables H). The conclusion we can draw from the calculations that include the 
p-exchange is that the results strongly depend on the model used for the evaluation 
of the ANp vertex. Nevertheless, today there is a general consent that the inclusion 
of the p cannot improve the calculation of Pn/Pp [BUI- 


In 1986 Dubach et al. [|122|| introduced a OME model with vr, p, K, K*,uj and rj, for 


29 

































































a calculation in nuclear matter. The T^/Tp is expected to be sensitive to the isospin 
structure of the transition potential. Therefore, the inclusion of mesons heavier than 
the pion could give ratios in better agreement with the data. In order to evaluate 
the meson-baryon-baryon vertices which are not accessible to the experiment, a quite 
large number of different models (pole model, SU{6)y^ symmetry, PCAC, Goldberger- 
Treiman relations, etc) have been used, also enforcing the AJ = 1/2 rule. The 
calculation of the above vertices is strongly model-dependent, and this makes the use 
of potentials with mesons other than the pion almost unpraticable. The above cited 
paper only reports preliminary results, while the hnal ones are published in Ref. |p.23| 
(see tables Here the model is also extended, within the extreme single 

particle shell model, to hnite nuclei (^He and a^C). The controversial results presented 
in ||123|| caused debate and critical discussions in the literature. Because of the few 
details available from Ref. ||123|| (which, on the other hand, does not take into account 


the hadronic form factors and quotes some different results from the preliminary ones 
of Ref. ||122|| ), it is not possible to compare the model used in this work for the OME 
potential with other ones proposed afterwards, for example by Ramos and Bennhold 

m 


and Parreno et al 
framework. In Ref. 


in, where the decay is again treated in a shell model 


12(J], differently from [123|], all the possible AiV and NN relative 


states have been included. The unknown hadronic vertices have been obtained from 
pole model, soft meson theorems and SU{6)w symmetry. The repulsive baryon- 
baryon correlation were based on Nijmegen and Jiihch AN and NN interactions. 
The calculation of the unknown hadronic vertices turned out to be model-dependent 
and the obtained decay rates were very different from the ones of Ref. [ 123|| . Ref. |p.2(]| 
calculated the non-mesonic widths in the OME picture to be different at most by 15% 
from the OPE ones for and (see tables ||, |, H). The Pn/Pp ratio in the 
full OME turned out to be 30% smaller than the OPE value for in contrast with 
the improved ratio of Ref. |p.23|| , even if it was quite sensitive to the isospin structure 
of the exchanged mesons (the largest changes corresponding to the inclusion of the 
strange meson K). This was mainly due to the destructive interference between 
the exchange of mesons with the same isospin [(vr,p), {K,K*), {uj,ri)]. Moreover, 
the contribution of mesons heavier than the pion were suppressed by form factors 
and short range correlations. Very recently, in Ref. ||118|| , the authors of Ref. |p.2(]| 
corrected a mistake they made in the inclusion of the K- and iP*-exchange. This 
had the effect of increasing the Pn/Pp ratio: (P„/Pp)°^^ ~ 4(P„/Pp)°™. The only 
inclusion of the iP-meson in addition to the pion leads to a smaller P„ + Pp and 
signihcantly enhances the Pn/Pp ratio (see tables B |. B S' This behaviour has 
been conhrmed by other recent calculations |[125| , |131| (even if the different numerical 
results are not always compatible), which are discussed in the following. In 


118 


the authors also presented a detailed (T-matrix) study of the hnal state interactions 
acting between the nucleons emitted in the non-mesonic decay. 

Recently, the authors of Ref. ||115|| studied the decay of the hypertriton (^H) in 


the full OME picture of Ref. ||120|| . They worked in the framework of the Faddeev 


equation, which allows to exactly calculate (at least in principle) wave functions and 
hnal scattering states for three-body systems. They reproduced the experimental 
A separation energy and the total lifetime of aH, obtaining Pt/Pa*^® = 1.03. The 
non-mesonic width was found to be 1.7% of the free A decay rate, only a little less 
than the calculation with pion-exchange alone. 
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The OME model of Ref. [120| has also been employed, in Ref. |158|, to discuss the 


effects of the nuclear deformation on the non-mesonic decay of p-shell hypernuclei. 
By using the Nilsson model with realistic values of the deformation parameter, the 
authors found that, due to nuclear deformation, both r„ + Tp and T^/Tp can change 
at most by about 10% with respect to the spherical limit. In view of the corrections 
to the OME model of Ref. ||12CI| 
should be updated. 


made in Ref. 118 


_ ^ ^^ the results obtained in the above 

discussed Refs. |p.l5| , P 

In addition to the exchange of one pion, other authors have included in the non- 
mesonic transition potential the exchange of two pions (correlated ||117| , |119| , p.24|| or 
not [p.59H161| into a and p resonances). In Ref. [ I59|| the two-pion-exchange mecha¬ 
nism contains the SiV intermediate state, and the AJ = 1/2 rule is enforced in the 
AAvr and EAvr vertices. The intermediate NN state has to be excluded in order to 
avoid a double counting when the uncorrelated 27r-exchange is employed in connec¬ 
tion with short range correlations. The authors of ||159|| found that the E component 
further reduces (with respect to the OPE value) the T^/Tp ratio. On the contrary, a 


15% increase of the OPE ratio was found in Ref. 


due to the EA intermediate 


From the results of Ref. 


state in uncorrelated 27r-exchange (see tables 1 . 0 ) 
on the A A —>■ AA matrix elements we can point out that the inclusion of both 
the EA and AA intermediate states in the 27r-exchange could sizeably increase the 
OPE Pn/Pp ratio. This conclusion comes from the observation that large ^S'o —)> ^5*0 
transitions were obtained for uncorrelated 27r-exchange. The same finding about the 
importance of transitions comes from Ref. |p.24|| for correlated 27r-exchange. 

In Ref. | 117 | an improvement of Pn/Pp for and AJ = 3/2 contributions (intro¬ 
duced by the boson-boson coupling model) less important than the AJ = 1/2 ones 
were found by employing correlated two-p ion-exchange {2ti / p + 2TT/a) in addition 
to the OPE (see tables BBi- The authors also studied the A-dependence of the 
non-mesonic decay rate and reproduced the data for light hypernuclei but not the 
saturation of Pnm at large A. 

The baryon-baryon short range interactions have been studied by Cheung, Heddle 
and Kisslinger ||129|| by using an hybrid model, through which the decay is described 
by two separate mechanisms: the long range interactions (r > 0.8 fm) are treated in 
terms of hadronic degrees of freedom (OPE with AJ = 1/2 rule), while the short range 
interactions (which cannot be explained in terms of meson exchange) are described by 
a 6-quark cluster model, which includes both AJ = 1/2 and AJ = 3/2 components 
(see tables ii- 

In Ref. |p.26|] , Maltman and Shmatikov combined a OME potential containing 
(tt -|- A)-exchange for long distance interactions and a quark model picture at short 
distances again in a hybrid model. By employing also the effective weak Hamiltonian 
modified by perturbative QCD effects of Ref. ||106| 
violations of the AJ = 1/2 rule in the J = 


the authors obtained significant 
0 A A —)> AA amplitudes. As they 


pointed out, this should sizeably modify the value of Pn/Pp in nuclei. In Ref. |[127| 
the same authors evaluated the AJ = 3/2 contribution to the AAp coupling by using 
the factorization approximation and obtained for it a magnitude comparable with the 
AJ = 1/2 contribution. 

121|, |13U|| treated the non-mesonic A decay in s-shell 


More recently, Inoue et al. 


hypernuclei within a direct quark model combined with the OPE description (enforc¬ 
ing here the AJ = 1/2 rule). In their model the A A and A A repulsion at short 
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distance originates from quark exchange between baryons (induced by the quark anti- 
symmetrization) and gluon exchange between quarks. The main uncertainties in this 
kind of approach come from the parameterization of the effective weak Hamiltonian 
for quarks, obtained through the so-called Operator Product Expansion ||106|| , which 
contains perturbative QCD effects and, by construction, terms associated to both 
AJ = 1/2 and AJ = 3/2 transitions. The authors found that the direct quark (DQ) 
mechanism was signihcant, giving sizeable AJ = 3/2 contributions in the J = 0 chan¬ 
nel, in agreement with Ref. ||126|| . The results on the T^/Tp ratio are more consistent 
(even if sizeable discrepancies still remain) with the experiment, because of a large 
increase (with respect to the OPE) of the neutron-induced decay rate (see tables |^, 
P). Unfortunately, the calculation is only made for s-shell hypernuclei (and, as we 
will mention just below, for symmetric nuclear matter in ||131|| ), and the employed 
quark Hamiltonian is not able to reproduce the large ratio between the AJ = 1/2 
and AJ = 3/2 amplitudes observed in the free A decay. At present, the data on 
hypernuclei do not allow the extraction of the AJ = 3/2 amplitude in AN NN 
(see the discussion of subsection |0|) . Notice, however, that in Ref. |p.62|| Oka showed 
that the AJ = 3/2 component is probed, in a clean way, by the soft emission 
observed in the A nuclear decay (A —> followed by n^p —>■ 7T~^n), because of the 
absence of the AJ = 1/2 component. Another delicate point in models with a direct 
quark contribution is related to double counting and superposition problems, which 
could arise when both the quark and hadronic description are employed together. 
However, this does not seem to be a problem in the calculations by Inoue et al., 
because their relativistic formalism does not allow the exchange of quark-antiquark 
pairs in the direct quark baryon-baryon interaction. Moreover, in the soft pion limit, 
they determined the relative phase between the OPE and the direct quark contri¬ 
butions. Apart from the quoted problems, it would be interesting to establish the 
connection between the quark effective weak Hamiltonian and the phenomenological 
A weak vertex. On the other hand, the possibility that the subnucleonic degrees of 
freedom play a role in nuclear systems remains an interesting held of research, and 
the non-mesonic decay of A-hypernuclei could reveal itself as the only good tool to 
study such effects. The systematic measurement of the partial non-mesonic rates 
will be useful in distinguishing the different decay mechanisms (meson exchange and 
direct quark interactions). 

Very recently ||131|| , the direct quark mechanism has been combined with a full 
OME potential (tt, p, K, K*, rj, ut), for calculations in nuclear matter and in s-shell hy¬ 


pernuclei (see tables]^, The authors compared the OME model with the Light 

Mesons (ir, K) + Direct Quark model: the short range repulsion is given, respectively, 
by heavy-meson-exchange and direct quark mechanism. Heavy-meson-exchange and 
direct quark contributions employed together could cause double counting problems: 
in any case, the authors obtained that the OME -|- DQ description does not improve 
the results. Both the previous pictures, namely OME and ti + K + DQ, gave the 
best results of the calculation: also the Pn/Pp ratio is signihcantly improved when 
the 7T + K + DQ model is employed, both for ^He hypernuclei and nuclear matter 
(considered as an approximate description of heavy hypernuclei). 

Effects of a violation of the AJ =1/2 rule in AN —>■ NN have been studied in 
Ref. ||128|| by Parreho et al. The employed OME model is the same of Ref. ||120 


with hadronic couplings evaluated in the factorization approximation. The conclu- 
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sion reached by the authors is different from the one of Inoue et al. ||121|| : even by 
introducing large AI = 3/2 contributions (of the order of the AI = 1/2 ones), to 
take into account the ambiguities in the factorization approximation, the calculated 
Tn/Tp ratio for remains abundantly below the experimental values (see tables |^, 
§). We recall that the OME model employed in Refs. ||120| , |128[ has been recently 
corrected in Ref. ||118|| . A similar correction could affect the conclusions obtained 
with a AI = 3/2 contribution. 

Concerning the r^/Ep puzzle we quote here a different mechanism, which has 
been suggested by the authors of Ref. ||132|| . In order to describe the process AN 
NN, they employed, in addition to the OPE at large distances, a phenomenological 
4-baryon point interaction for short range interactions, including AI = 3/2 contribu¬ 
tions as well. Such a 4-baryon interaction was initially considered by Block and Dalitz 
m as an approximation of the short range interactions mediated by heavy mesons. 
By properly fixing the different phenomenological coupling constants of the problem 
(in particular, by using a small AI = 3/2 component), the authors of Ref. ||132|| could 
fit fairly well both the experimental Pn -l- Pp and r„/Pp in )(He, ^He and (see 
tables |, |, |, I). 

Up to this point we have essentially discussed theoretical evaluations of the non- 
mesonic hypernuclear decay, which is the dominant channel for all hypernuclei, but 
for the s-shell ones. Concerning the mesonic decay. Refs, ^ presented a study of 
the |He decay using a quark model based hypernuclear wave function. The authors 
have shown how the short range AN repulsion (which naturally arises in a quark 
model) is relevant to reproduce the observed mesonic rates in s-shell hypernuclei (see 
table 1^). In 1993, Nieves and Oset ||108|| calculated the mesonic widths for a broad 
range of A-hypernuclei (from to f’^Pb). They used a shell model picture and 
distorted pionic wave functions, solutions of a pion-nucleus optical potential. The 
results showed wild oscillations of P^r- /P,rO around the value (equal to 2) predicted by 
the AI = 1/2 rule for N = Z closed shell hypernuclei. This was due to effects of the 
hypernuclear shell structure. Similar calculations have been carried out by Itonaga, 
Motoba, and Bandb in Refs. ||110|,|156|| . With respect to Ref. ||108|| , they use different 
optical potentials and descriptions of the energy balance in the decays (more accurate 
in ||108|| ), and obtain somewhat dissimilar results (especially in very heavy systems). 
Motoba and Itonaga updated the calculations in Ref. |p.09|] by using an improved 


optical potential (see tables S !)• Both the evaluations of Nieves-Oset and Motoba- 
Itonaga-Bandb showed how the mesonic rate strongly depends on the competition 
between the Pauli blocking, which suppresses the decay, and the enhancement due 
to the pion wave distortion in the medium. When the pion wave is distorted by the 
optical potential, for A > 100 the mesonic width is enhanced by one/two orders of 
magnitude with respect to the calculation without pion distortion. For the decay into 
7r“p the Coulomb distortion alone gives rise to a non-negligible enhancement. The 
results of the above calculations for light to heavy hypernuclei are shown in Fig. 
of subsection |^ . 

A different approach, which allows a unified treatment of mesonic and non- 
mesonic channels and automatically includes all the partial waves of the relative AN 
motion, has been suggested by Oset and Salcedo ||163|| (see tables M) and utilizes 
the Random Phase Approximation (RPA) within the framework of the polarization 
propagators. We shall discuss in detail this method in the next section. Here we 
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only remind the reader that the crucial point for the evaluation of the decay rates 
is a realistic description of the pion self-energy in the medium and (especially for 
the evaluation of Fnm) of the baryon-baryon short range correlations. More recently, 
this model has been applied to the calculation, in nuclear matter, of the three-body 
decay ANN NNN ||164|| (see table through a purely phenomenological param¬ 
eterization (by means of data on deep inelastic (e, e') scattering and pionic atoms) 
of the 2p-2h excitations in the pion self-energy. A more detailed analysis of r 2 , 
also implemented in hnite nuclei via the local density approximation, has been made 
in Ref. ||165|| (see tables 0 . Here, the authors employed a more realistic 2p-2h 
polarization propagator, based again on an empirical analysis of pionic atoms but 
also extended to kinematical regions not accessible by this phenomenology. The in¬ 
troduction of a new non-negligible (as found in the above mentioned calculations) 
two-nucleon induced non-mesonic channel requires a reanalysis of the F^/Tp ratio. 
The most recent calculations performed within the polarization propagator method 
can be found in Refs. [p.25| , |166|,|167|| . They reproduce quite well both the mesonic and 
non-mesonic rates for light to heavy hypernuclei, although problems related to the 
F„/Fp ratio still remain. The results obtained in ||166| , |167|| will be discussed in detail 
in subsections and those of Ref. ||125|| are listed in tables ^ |^. In Ref. ||125|| the 


one-nucleon induced non-mesonic decay has been studied within a meson-exchange 
approach including one pion, one kaon, correlated and uncorrelated 27r-exchange and 
a;-exchange (vr-|-iF-|-27r/cT-|- unc 27r-|-a;). The correlated 27r-exchange (in the a 
channel) has been treated in terms of a chiral unitary approach to the tttt scattering. 
For the NN interaction this approach leads to a a-meson-exchange potential with a 
moderate attraction at r > 0.9 fm and a repulsion at shorter distances, in contrast 
with the attraction of the conventional a-exchange. Once the correlated and uncor¬ 
related 27r-exchange are added, a net NN attraction is obtained for all distances. In 
order to restore the behaviour of realistic NN potentials, which present a moderate 
attraction only at intermediate distances, the authors of Ref. ||125|| introduced the 
exchange of the a;-meson to produce the required repulsion. A large cancellation be¬ 
tween cr-exchange and uncorrelated 27r-exchange has been found for momenta around 
the relevant value 420 MeV. Consequently, the total 27r-exchange contribution to the 
decay turned out to be small (around 10% on F„ and Fp). The a;-exchange gave a 
contribution of the same order of magnitude. On the contrary, the iF-exchange, also 
constrained by chiral unitary theory, has been of primary importance to reproduce 
the experimental non-mesonic rate Fnm = F„ -|- Fp and to improve the OPE F„/Fp 
ratio for (F„/Fp)^"" ~ 4.5 (F„/Fp)°^^. In Ref. ||168||, still within the polariza¬ 


tion propagators framework, by using a relativistic mean-held approximation to the 
Walecka model, the authors evaluated the ring OPE non-mesonic decay widths to be 
considerably smaller than the non-relativistic ones of Refs. ||125|, |166| , p.67|| (see tables 
1^ and subsections b.6|, ^.7|) . This also seems to be unrealistic when compared with 
the hndings of Ref. ||169||. Here, by employing the Walecka model within the wave 


function formalism, the relativistic OPE calculation gave nuclear matter non-mesonic 
rates larger (by about 40%) than the non-relativistic ones (see table 0 . 0 )- However, 
we remind the reader that this calculation does not include the effects of vertex form 
factors and short range correlations, which signihcantly reduce the non-mesonic rates, 
both in the relativistic and non-relativistic descriptions. 

In tables 0-|9| the numerical results obtained within the above discussed models 
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are summarized and compared with experimental data. The decay widths are in units 
of the free A width. 


Tab. |2|: Decay width for a A in nuclear matter 

The results of Adams are corrected for the small AttN coupling constant he used, 
as explained above. All the uncorrelated OPE decay widths are compatible with a 
value of about 4. The result by Cheung et al. is sizeably smaller than 4, but we 
recall that in their calculation the pion-exchange is only active for r > 0.8 fm, while 
a large OPE contribution comes from smaller distances. This is equivalent to use 
very strong short range correlations (SRC), which prevent the process for r < 0.8 fm. 
Differences among the various calculations are observed when the effects of SRC and 
form factors (FF) are included in the OPE models. They reduce the uncorrelated 
widths by a factor > 2. Adams used an inappropriate (too strong) correlation for 
the tensorial transition ^Si —> ^Di. Neglecting the tensorial SRC, his correlated 
result (1.57) is more realistic. The differences among the other calculations may 
be understood taking into account the parameterizations used for SRC and FF. For 
example, in the polarization propagator method (PPM) of Ref. ||163|| , a monopole 
FF with cut-off A^ = 1.3 GeV is used, while in Ref. [p.52|| a softer FF is employed 
(A^ ~ 0.6 GeV). This is responsible for the ratio 2.1 between the results of Refs. |p.63| 
and ||152|] . The inclusion of the p-exchange in the transition potential decreases the 


decay rate (this characteristic has been confirmed in hnite nucleus calculations): in 
Ref. ||152|| the p-meson leads to an unrealistic almost complete cancellation of the 
OPE contribution. The results of Nardulli refer to different choices for the FF. Also 
the one-meson-exchange (OME) models (we refer, here and in the following, to OME 
models when the transition potential contains the exchange of vr, p, iC, iP*, a;, and rj 
mesons) tends to reduce the rate with respect to the pure OPE calculation. This is 
also true, as we shall see in the next tables, for hnite hypernuclei. In particular, the K- 
meson-exchange considerably cancels the OPE contribution ||131|| . From inspection 


of the experimental data on heavy hypernuclei one concludes that realistic values of 
the A decay rate in nuclear matter he in the range 1.5 2. 
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Table 2: Decay width for a A in nuclear matter (Ft = Tnm)- 


Ref. 

Unc 

+ SRC 

+ SRC + FF 

Model 

Adams 1967 

151 


3.47 

0.38 

1.57 


OPE 

no tensor SRC 

Dalitz 1973 

L45 




2.0 

Contact int. 

Cheung et al. 1983-86 

129( 

0.99 


0.77 

3.0 

OPE > 0.8 fm 
Hybrid 

McKellar-Gibson 198^^ 

151 

4.13 

1.13 

2.31 

0.72 

1.06 

0.10 

OPE 

TT + p 

Oset-Salcedo 1985 ‘ 

L63 

4.3 


2.2 

PPM 

Dubach et al. 1986 


3.89 

1.82 

1.55 

1.23 


OPE 
■n + p 

OME 

Nardulli 1988 

151 

-1 



0.7 2.1 

■n + p 

Alberico et al. 1991 

1 ^ 



1.74 

PPM with 2B 

Shinmura 1993 

reui 

2.92 

3.97 



OPE 

Rel OPE 

Shinmura 1995 

l6l| 



1.73 

1.85 

OPE 

7r+ unc 27r 

Dubach et al. 1996 

[21 

4.66 

1.85 

1.38 


OPE 

OME 

Sasaki et al. 2000 1 

31| 


2.819 

2.068 

2.863 

1.850 

1.216 

1.906 

2.456 

OPE 

TT + iC 

OME 

7r + iC + DQ 
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Tab. Non—mesonic decay width for 


The OPE results of Cheung et al. underestimate the experiment for the same reason 
explained in connection with the calculation in nuclear matter. Note that here the 
reduction obtained in going from the uncorrelated case to the correlated one is even 
smaller than what occurred in nuclear matter. In this calculation, the SRC in OPE 
plays a little role because the vr-exchange is only active for distances r > 0.8 fm. 
However, the complete result (hybrid model) of Ref. |p.29|| is realistic. The relativistic 
polarization propagator method (Rel PPM) of Ref. ||168|| predicts a too small decay 
rate. On the contrary, the non-relativistic PPM’s of Refs. ||163| , |165| overestimate the 
data because of the use of unrealistic SRC and A wave functions. The calculation 
by Dubach et al. [p.23|| provides a too large uncorrelated OPE rate [too small is the 
reduction with respect to their calculation (3.89 in Ref. |p.22|| and 4.66 in Ref. ||123 


for nuclear matter] and too small correlated results, both in OPE and in the full OME. 
The available computational details of Refs. [|122|, p.23|| do not allow to explain these 


controversial results. All the other correlated OPE calculations (apart from the case of 
Ref. |p.32||) are compatible with the experiment and give rates reduced with respect to 


the uncorrelated ones by a factor 1.5-i-2. The vr+p, 7r+27r/ p+2ti/ a and OME rates are 
quite similar to the OPE estimates. In Ref. |[128|| , AJ = 3/2 contributions to the A —> 
ttN transition are evaluated in the factorization approximation: their effect on the 

im 


non-mesonic rate seems very small. In Ref. 


the authors used the polarization 


propagator method with (tt + iC + 27r/(T+ unc 27r + a;)-exchange. The result for the 
one-nucleon induced non-mesonic rate of the full calculation is reduced with respect 
to the OPE value of about 30%. This is due, almost completely, to iP-exchange. The 
full result including the two-body induced contribution (2B) has been obtained by 
adding the value r 2 = 0.27 obtained in Ref. |165|. Realistic calculations supply non- 


mesonic widths in reduced by a factor 1.5 = 2 with respect to the values for nuclear 
matter. The results of Parreho and Ramos of Ref. |p.l8|| correct those of Ref. |p.20| 


(due to a mistake in the inclusion of the K and K* contributions) and correspond to 
the use of different Nijmegen models [^|[ for the hadronic coupling constants. The 
authors also made an accurate evaluation of the hnal state interactions between the 
outgoing nucleons, by using the scattering NN wave function from the Lippmann- 
Schwinger (T-matrix) equation obtained with the Nijmegen NN potentials. The 
iP-exchange decreases the rate P^ + Pp with respect to the one calculated in OPE by 
about 26% in Ref. [|125|] and 37 = 45% in Ref. 


118 . 
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Table 3: Non-mesonic decay width for 


Ref. 

Unc 

+ SRC 

+ SRC + FF 

Model 

Cheung et al. 1983-81 

129| 

0.48 


0.41 

1.28 

OPE > 0.8 fm 
Hybrid 

Oset-Salcedo 1985 

lb3| 




1.5 

PPM 

Ramos-Bennhold 199^ 

4 15 

7 

1.58 

4.30 


0.87 

0.98 

OPE 

OME 

Ramos et al. 1995 

165 




1.72 

PPM with 2B 

Parreho et al. 1995 

m 

1.641 

1.186 

0.964 

OPE 

Parreho et al. 1995-91 

1 |15 

4 

1.716 

1.239 

1.110 

0.991 

OPE 
vr ± p 

Dubach et al. 1996 

123 


3.4 

0.5 

0.2 


OPE 

OME 

Parreho et al. 1997 

120|| 

1.682 

2.055 

2.301 

1.232 

0.885 

0.859 

0.753 

OPE 

TT + P 

OME 

Parreho et al. 1998 

128 




0.753 

0.753 ^ 0.796 

OME 

OME ± AJ = 3/2 

Itonaga et al. 1998 

117 




1.05 

TT ± /p ± 27r/cT 

Zhou-Piekarewicz 199 

9 116811 



0.413 

Rel PPM 

Jun et al. 2001 R 

52 



0.468 

1.174 

OPE 

OPE ± 4BPI 

Jido et al. 2001 p2 

25|l 



1.075 

0.795 

0.769 

1.039 

OPE 

TT ± iC 

TT ± iP ± 27r ± o; 
Full with 2B 

Parreho-Ramos 2001 
(correction of 121 

118 

)) 




0.751^0.762 

0.413^0.485 

0.554^0.726 

OPE 

TT ± iP 

OME 

Exp BNL 1991 ^ 

o| 



1.14 ±0.20 


Exp KEK 1995 ^ 

8| 



0.89 ±0.18 


Exp KEK 2000 T 

71 



0.83 ±0.11 
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Tab. Non—mesonic decay width for ^He 


In this and in the following tables, only the results obtained including FF and SRC 
are listed. Unrealistic rates are predicted by Refs. ||155|,|163||. The result of Ref. 




presents a strong cancellation between tt- and /9-exchange. In |[163|| the authors over¬ 
estimated Fnm because they employed a wave function for the hyperon too much 
superimposed with the nuclear core. We remind the reader that A—^He potentials 
consistent with experimental observations have a repulsive core. By using the same 
model, with a more realistic A wave function (calculated from a variational method) 
the same authors obtained |[172|| a non-mesonic width compatible with the experi¬ 


ment. There are remarkable differences among the several OPE estimates, ranging 
from 0.144 (Takeuchi et al.) to 0.9 (Dubach et ai). Because of the lack of technical 
details, the calculation of Dubach et al. cannot be easily compared with the other 
ones. We remark that they do not take into account of the FF, which reduce the non- 
mesonic width, especially the OPE one. The large difference between their OPE and 
OME results could originate form a double counting between heavy-meson-exchange 
and SRC. It is also rather strange that the uncorrelated OPE result of Dubach et 
al. (0.6, not shown in the table) is smaller than the correlated one (0.9). Another 
point to recall is that in Ref. ||123|| the correlated OPE and OME non-mesonic rates 
for are smaller than the corresponding rates for ^He of table |^, while, from 
experiment, we know that Pnm(a^C) ~ 2PNM(AHe). The calculations by Inoue et 


al. ||121|, |130|| and Sasaki et al. ||131|| show different OPE results. They can be under¬ 


stood in terms of the different FF and SRC employed. The calculation or Ref. [IIS 


is an updating of that presented in ||120|| : the intervals shown correspond to the use 


of different Nijmegen models for the hadronic coupling constant. We note that for 
(vr-l-iF)-exchange the results of Ref. | 118 | are substantially compatible with the value 
of Ref. [p.31|| . The reduction of the tt + K rate with respect to the OPE one is larger 
in Ref. 118|| (36 45%) than in Ref. ||131|| (26%). 
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Table 4: Non-mesonic decay width for ^He. 


Ref. 

Tnm 

Model 

Dalitz 1973 

i45f 


0.5 

Contact int. 

Takeuchi et al. 1985 f 

155 

0.144 

0.033 

OPE 

vr ± p 

Oset-Salcedo 1985 1 

63 

1.15 

PPM 

Oset-Salcedo-Usmani 19^ 

^6 1721 

0.54 

PPM 

Itonaga et al. 1995 1 


0.20 

0.30 

OPE 

TT ± 27r/cr 

Parrefio et al. 1995 1 

70 

0.56 

OPE 

Dubach et al. 1996 1 

23 

0.9 

0.5 

OPE 

OME 

Inoue et al. 1996 13 

H 

0.333 

0.381 

OPE 

DQ only 

Parrefio et al. 1997 1 

20 

0.414 

OME 

Itonaga et al. 1998 1 

1^ 

0.39 

TT ± 2tt/ p ± !a 

Inoue et al. 1998 12 

1 

0.216 

0.627 

OPE 

OPE ± DQ 

Sasaki et al. 2000 R 

11 

0.370 

0.302 

0.519 

OPE 

TT ± 77 

TT ± 77± DQ 

Jun et al. 2001 131 


0.158 

0.426 

OPE 

OPE ± 4BPI 

Parreno-Ramos 2 
(correction of 

001 

120 

118| 

) 

0.424 ^ 0.425 
0.235^-0.272 
0.317^-0.425 

OPE 

TT ± 77 

OME 

Exp BNL 1991 


0.41 ±0.14 


Exp KEK 1995 T7! 

^1 

0.50 ±0.07 
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Tab. 1^: Mesonic decay rate for 


174 


The results reported in the table are all compatible with the data, which, however, 
have very large error bars. The only exception is the calculation of Ref. ||168|| , sup¬ 
plying a decay rate which underestimates the recent KEK data 
obtained with the wave function method (WFM) of Refs 

with the experimental ratio ~ 1 -h 2 > (T^ro/rTr-)^'^'^'^ = 1/2, which reflects 

the particular nuclear shell structure of J/C. 


The estimates 
are consistent 


Table 5: Mesonic decay rate for )/C. 


Ref. 

Tm 

Model 

Oset-Salcedo 1985 163 

0.41 

PPM 

Itonaga-Motoba-Bandd 1988 110 

0.233^0.303 

WFM 

Ericson-Bandb 1990 175 

0.229 

WFM 

Nieves-Oset 1993 p.08| 

0.245 

WFM 

Itonaga-Motoba 1994 109| 

0.228 

WFM 

Ramos et al. 1995 165 

0.31 

PPM 

Zhou-Piekarewicz 1999 168| 

0.112 

Rel PPM 

Exp BNL 1991 |90 

0.11 ±0.27 


Exp KEK 1995 |98 

0.36 ±0.13 


Exp KEK 2001 174| : 



r.- 

0.113 ±0.014 


Tm (with T^o from |9^) 

0.31 ±0.07 
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Tab. Mesonic decay rate for ^He. 


The theoretical results agree with the experimental data. This is also true for r.^-/r^o, 
which does not deviate much from the AJ = 1/2 value (= 2) for free decays. We 
expect this result, since ^He has a closed shell core with N = Z. A repulsive core in 
the A — a mean potential (used in all but the calculation of Ref 




is favoured. 
The 


Moreover, it comes out naturally in the quark model descriptions of Refs. ^ 
results of Refs. ||110|,|176|| refer to the use of different pion-nucleus optical potentials. 


Table 6: Mesonic decay rate for ^He. 


Ref. 

Tm 

Model 

Oset-Salcedo 1985 163 


0.65 

PPM 

Oset-Salcedo-Usmani 1986 

172 

0.54 

PPM 

Itonaga-Motoba-Bando 1988 110 

0.331^0.472 

WFM 

Motoba et al. 1991 |44| 


0.608 

WFM + Quark Model 

Motoba 1992 

17q 

0.61 

WFM 

Straub et al. 1993 [^5 


0.670 

WFM + Quark Model 

Kumagai-Fuse et al. 1995 

1121 

0.60 

WFM 

Exp BNL 1991 |90| 

n c:q+u-44 
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Tab. 1^: F^/Fp ratio for nuclear matter. 


The OPE ratios of Adams ||151|| and Shinmura [|169|| seem unrealistic: in fact, they are 


considerably larger than the other OPE estimates. We note, however, that Adams’ 
(Shinmura’s) calculation did not include hadronic FF (SRC and FF). The (tt + p) 
calculation by Nardulli supplies values of Fn/Fp (the interval in the table corresponds 
to the use of different FF) close to the experimental indication for However, 
no other estimate that employed a (vr + p)-exchange potential has confirmed an im¬ 
portant role of the p-meson in the calculation of F„/Fp. In Refs. [[122| , |123| , |131|| the 
introduction of heavier mesons supplies improved ratios: a great improvement, due 
to both the exchange of the iF-meson and the DQ process, has been found by Sasaki 
et al. [|131|] . 


Table 7: F„/Fp ratio for nuclear matter. 


Ref. 

Fn/Fp 

Model 

Adams 1967 ; 

.51 


0.35 

OPE 

Dubach et al. 1986-96 

[1221, 1231 

0.06 

0.08 

0.34 

OPE 

TT + p 

OME 

Nardulli 1988 

153| 


0.67^ 1.25 

71 + P 

Shinmura 1993 

169 


0.255 

Rel OPE 

Shinmura 1995 

161 


0.07 

0.08 

OPE 

7r-|-unc 27r 

Sasaki et al. 2000 

13 

1 

0.087 

0.430 

0.398 

0.716 

OPE 
n + K 
OME 

tt + K+DQ 
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Tab. 


^/Fp ratio for 


All the calculations but the ones of Refs. ||117|,|118| , p.23| , |125|,|132|| strongly underesti 


mate the observed ratios. However, we must notice that the various data have very 
large error bars and there are still problems about the methods employed by the 
experiments to extract Fji/Fp (see the discussion of section In Ref. |p.32|| , in ad¬ 
dition to the OPE at large distances, a 4-baryon point interaction (4BPI), including 
AJ = 3/2 contributions as well, is employed to describe the short range interactions 
through a purely phenomenological model which hts the partial non-mesonic rates 
for light hypernuclei. However, the values of some of the parameters used in this 
model are questionable. The large P^/Pp ratio obtained by Dubach et al. in OME 
is not conhrmed by the calculations of Refs. ||118|, |120| , p.57|| . Moreover, we note that 
the calculation of Dubach et al. obtains a realistic P^/Pp but strongly underestimate 
P„ -|- Pp (see table Also surprising is the large difference between the results of 

see table 1^). The OME calculation in Ref. |[12(]| 
P„: Pp ~ 2P“P, Tn ^ 0.1P(f^ (we refer, here, 
|]). In Ref. ||118 |, the results of ||12(J|| have been corrected for a 
mistake made in the inclusion of the strange mesons exchange (a sign error in certain 
transitions mediated by K- and iF*-exchange). The new calculation shows an im¬ 
provement of the OME Pn/Pp ratio, mainly due to iP-exchange. The results quoted 
in the table has been obtained by means of different models for the calculation of 
the unknown hadronic vertices and by using the Lippmann-Schwinger equation to 
obtain the scattering wave function for the hnal NN states. In Ref. [ 128 |, by in¬ 
troducing Al = 3/2 contributions in the OME AN NN transition amplitude 
(OME -|- AJ = 3/2) of Ref. ||120|| (which, we remind the reader, contains the above 
discussed error), variations of P„ only have been obtained. The inclusion of corre- 


Ref. 

overestimates 
to the data of Ref. 


for and nuclear matter 


Pp and underestimates 


lated 27r-exchange in ||117|| (both in the a and p channels) improves the calculated 


ratio. In Ref. ||125|| , thanks to the iP-exchange, a signihcant improvement of the OPE 
ratio has been obtained. The two-pion-exchange (correlated in the a channel and 
uncorrelated) as well as the a;-exchange turned out to have small effects on the decay 
rates. The (tt -|- K) calculation of Ref. ||125|| provides a ratio about 52% larger than 
the maximum value obtained in Ref. 


118 
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Table 8: T^/Tp ratio for 


Ref. 

Tn/Tp 

Model 

Ramos-Bennhold 199^ 

1 157 


0.19 

0.27 

OPE 

OME 

Parrefio et al. 1995-91 

154 


0.12 

0.12 

OPE 
vr ± p 

Dubach et al. 1996 

123 


0.20 

0.83 

OPE 

OME 

Parrefio et al. 1997 

12(^ 


0.104 

0.095 

0.068 

OPE 
vr ± p 

OME 

Parrefio et al. 1998 

12^ 


0.068 

0.034^0.136 

OME 

OME ± AJ = 3/2 

Itonaga et al. 1998 

117| 


0.10 

0.36 

OPE 

TT ± 27r/p ± 2tt ! a 

Jun et al. 2001 R 

12 

0.08 

1.14 

OPE 

OPE ± 4BPI 

Jido et al. 2001 li 

25 

0.12 

0.52 

0.53 

OPE 

TT + K 

TT ± iP ± 27r ± o; 

Parrefio-Ramos 2001 
(correction of 12C 

118 

1) 


0.078 ^0.079 
0.205 ^0.343 
0.288 ^0.341 

OPE 

TT + K 

OME 

Exp 1974 1351 


0.59 ±0.15 


Exp BNL 1991 ^ 

0 

1 QO + l.l^ 


Exp KEK 1995 ^ 


1.877-- 


Exp KEK 2001 r 


1 1 7+U.^^ 

' -0.20 
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Tab. F^/Fp ratio for ^He. 


Also for ^He, apart from the phenomenological ht of Ref. 
DQ) calculation of Sasaki et al. 

In Refs. 


132| and the (tt + iF + 


mi, the theory underestimates the experiment. 


Inoue et al. showed how the direct quark (DQ) mechanism is an 
important ingredient in the evaluation of F„/Fp. The calculation of Sasaki et al. El 
found a large improvement of the ratio, due to the combined effects of iF-exchange 
and DQ mechanism. However, this model tends to overestimate the observed total 
non-mesonic rates for heavy hypernuclei (see results for nuclear matter in table 
As explained by the authors, this effect could be originated from the fact that the 
short range baryon-baryon correlations used in the calculation were not sufficiently 
strong. The results of Ref. ||120|| have been revisited in Ref. ||118|| : here, in addition to 


a correction of an error in the previous OME calculation, the authors made a detailed 
analysis of the hnal state NN interactions and found a considerable improvement of 
the ratio. The (tt + K) calculation of this paper agrees with that of Ref. 


131 


Table 9: F„/Fp ratio for |He. 


Ref. 

Fn/Fp 

Model 

Itonaga et al. 1995 

119 

0.13 

0.17 

OPE 

TT ± 2n/a 

Inoue et al. 1996 1. 


0.12 

0.95 

OPE 

DQ only 

Dubach et al. 1996 f 

123| 

0.05 

0.48 

OPE 

OME 

Parreho et al. 1997 


0.073 

OME 

Inoue et al. 1998 F 

21 

0.132 

0.489 

OPE 

OPE ± DQ 

Sasaki et al. 2000 T 

31 

0.133 

0.450 

0.701 

OPE 

TT + K 

TT ± 7F± DQ 

Jun et al. 2001 ]13 


0.10 

1.30 

OPE 

OPE ± 4BPI 

Parreho-Ramos 2001 
(correction of 120 

118 

) 

0.086 

0.288 0.498 

0.343 0.457 

OPE 

TT ± iF 

OME 

Exp BNL 1991 90 


0.93 ±0.55 


Exp KEK 1995 |7 


1.97 ±0.67 
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The theoretical calculations quoted in the tables for the non-mesonic decay show 
that further efforts (both on the theoretical and experimental side) must be focused 
on a better understanding of the detailed dynamics of this channel. Some models 
find an overall agreement with the experimental total non-mesonic rates, but for the 
partial rates, neutron- and proton-induced, there are large discrepancies. Only the 
calculations of Refs. ||1 17|, |1 18|, p.25|,|131|, |132|| obtained improved T^/Tp ratios as well 


as realistic total rates. Recent calculations showed the importance of both the K- 
meson-exchange and the direct quark mechanism ||118| , |125| , |131|| for a considerable 
improvement of T^/Tp. On the other hand, the mesonic widths are well explained by 
the proposed models. 
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5 Models for calculation 


5.1 Introduction 


In this section we present the frameworks utilized in the literature for the formal 
derivation of A decay rates in nuclei. In subsections ^ and ^ we discuss the gen¬ 
eral features of the approach used for direct hnite nucleus calculations. It is usually 
called Wave Function Method (WFM) and it has been employed by large part of 
the authors ||108| , |109| , |118| , |12(]| , p.23| , |131|| . This method makes use of shell model nu¬ 
clear and hypernuclear wave functions (both at hadronic and quark level) as well as 
pion wave functions generated by pion-nucleus optical potentials. In subsection 
the Polarization Propagator Method (PPM), applied for the first time to hypernu¬ 
clear decay in Ref. ||lb8|| and subsequently in Refs. |[L25| , |lb4| - |lb8|] , is summarized. We 
shall see how the decay widths can be evaluated, in nuclear matter, by means of a 
many-body description of the hyperon self-energy. The Local Density Approxima¬ 
tion (LDA) allows then one to implement the calculation in finite nuclei. Finally a 
microscopic approach, based again on the PPM, is presented in subsection |5.5| : here 
the Feynman diagrams contributing to the A self-energy are classified by means of a 
functional integral approach, according to the prescriptions of the so-called bosonic 
loop expansion. 

The numerical results of the literature obtained with WFM and PPM calculations 
have already been discussed in the previous section. Those obtained by the authors 
of the present review by applying the formalism of subsections b-4|, |5.5| are the subject 


of subsections 5.6, 


5.2 Wave Function Method: mesonic decay 

The weak effective Hamiltonian for the A —>■ ttN decay can be parameterized in the 
form: 




( 5 ) 


where the values of the weak coupling constants G = 2.211 ■ 10“^/m^, A = 1.06 
and B = —7.10 are fixed on the free A decay. The constants A and B determine 
the strengths of the parity violating and parity conserving A — ttN amplitudes, 
respectively. In order to enforce the AJ =1/2 rule (which fixes F^f®/F^o'^ = 2), in 
Eq. d^) the hyperon is assumed to be an isospin spurion with / = 1/2, = —1/2. 

In the non-relativistic approximation, the free A decay width F^®® = F^f® -f F^o*^ 
is given by: 

r»“ = + ^/) ■ 

where = 1 for F.n-o and Cq, = 2 for Fj^- (expressing the AJ = 1/2 rule), S = A, 
P = m.n-i?/(2m7v), whereas Ejq and u}{q) are the total energies of nucleon and pion, 
respectively. One then easily hnds the well known result: 


F 


free 

ol 


,{Gm. 


2\2 


1 nijvjc.m, 
2n rriA 


p2 

^ ' 2 
mi 
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which reproduces the observed rates. In the previous equation, gc.m. — 100 MeV is 
the pion momentum in the center-of-mass frame. 

In a hnite nucleus approach, the mesonic width Fm = F^- + F^o is calculable by 
means of the following formula: 


F„ = cUGmlfJ2 [ 

N^F 


dq 


{2'kY 2a;(g) 


271:5[E^ - uj{^ - En] 






+ 


p2 


mt 




where the sum runs over non-occupied nucleonic states, and Ea is the hyperon total 
energy. The A and nucleon wave functions 0 a and (pN are obtainable within a shell 
model. The pion wave function 0^ corresponds to an outgoing wave, solution of the 
Klein-Gordon equation with proper pion-nucleus optical potential Vopt- 

{v'^ - ml- 2ujVopt{f^ + [uj- V0(r)]^} 0^(g, r) = 0, 


where Vc{r) is the nuclear Coulomb potential and the energy eigenvalue oj depends 
on q. 

Different calculations ||108H110l have shown how strongly the mesonic decay is 
sensitive to the pion-nucleus optical potential, which can be parameterized in terms 
of the nuclear density, as discussed in Refs. ||109|,|110 
as in Ref. ||108|| . 


or evaluated microscopically. 


5.3 Wave Function Method: non—mesonic decay 


Within the meson-exchange-mechanism, the weak transition AN —>■ NN is assumed 
to proceed via the mediation of virtual mesons of the pseudoscalar (tt, t] and K) and 
vector (p, OJ and K*) octets ||118| , |120| , p.23| , [I31|] (see Fig^). Two-pion-exchange has 


been considered in the literature as well [117 ,|ni, 


The fundamental ingredients for the calculation of the AN —> NN transition 
within a OME model are the weak and strong hadronic vertices. The AttN weak 
Hamiltonian is given in Eq. (^. For the strong NNtt Hamiltonian one has the usual 
pseudoscalar coupling: 


'^NNn — WNNtt'4’ n17>'T ■ 0,^0Ar, 

dNN-K being the strong coupling constant for the NNtt vertex. In momentum space, 
the non-relativistic transition potential in the OPE approximation is then: 


F 7 r(^) = -Gm 


2 9NNtt 

2m N 


. B - 


(J 2 ■ q 


(p + m. 


2 H ■ D, 


where fh = (tua + mAr)/2 and q is the momentum of the exchanged pion (directed 
towards the strong vertex), whose static free propagator is — (^ + ml)~^. One can 
ignore relativistic effects and use for calculations the above non-relativistic poten¬ 
tial [111411. 
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Given the large momentum (~ 420 MeV) exchanged in the AN —>■ NN transition, 
the OPE mechanism describes the long range part of the interaction, and more mas¬ 
sive mesons are expected to contribute at shorter distances. A difficulty appears when 
one wants to include other mesons in the exchange potential. In fact, for mesons m 
other than the pion, the weak and strong vertices ANm and NNm are experimentally 
unknown; moreover, their theoretical evaluation resulted quite model-dependent, as 
explained in the previous section. For example, if one includes in the calculation the 
contribution of the p-meson, the weak ANp and strong NNp Hamiltonians: 

^ATVp = + ^7^75^ T ■ Pf,^A, 

T- pf.'lpN, 


n 


— '^N I 9nnp1^ + * 


NNp 


T 

■ 9 NNp 


2m 


are needed ||120|| . They give the following p-meson transition potential: 

(a P){gNNp + 9NNp) 


Vp{^ = Gm. 






9nnp^ 
A(9nNp + 9 NNp) 


2m^ 


4m„m 


(ai X aa) ■ <? 


■(ai X ^ ■ ((T2 X ^ 


Ti ■ T2 

(p + ml 


where the weak coupling constants a, (3 and e must be evaluated theoretically. 

The potential for a OME calculation accounting for the exchange of pseudoscalar 
and vector mesons can be expressed through the following decomposition: 


v(r) = E = E E KNWAL, 

m m a 


( 6 ) 


where m = n, p, K, K*, a;, p; the spin operators O" are (PV stands for parity- 
violating): 


1 

central spin-independent. 

(7l ■ 0^2 

central spin-dependent , 

5'l2(f0 = 3(^1 ■ A){p2 ■ p - ■ ^2 

tensor. 

a 2 ■ r 

PV for pseudoscalar mesons 

(ai xa2)-r 

PV for vector mesons. 


whereas the isospin operators Im are: 


- 

\n-T2 

(^linear combination of 1 and ti ■ T 2 


isoscalars mesons (p, a;), 
isovector mesons (vr, p), 
isodoublet mesons {K, K*). 


For details concerning the potential (P), see Refs. 


120,123 
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Assuming the initial hypernucleus to be at rest, the one-body induced non- 
mesonic decay rate can then be written as: 

j (7) 

where 5(E.C.) stands for the energy conserving delta function; 

( “2 “2 \ 

IrriM IrriN J 

moreover: 




is the amplitude for the transition of the initial hypernuclear state of mass mjj 
into a hnal state composed by a residual nucleus with energy Er and an antisym¬ 
metrized two nucleon state N{pi)N{p 2 ), pi and p 2 being the nucleon momenta. The 
sum 'Yh ill Eq- (0) indicates an average over the third component of the hypernuclear 
total spin and a sum over the quantum numbers of the residual system and over the 
spin and isospin third components of the outgoing nucleons. Customarily, in shell 
model calculations the weak-coupling scheme is used to describe the hypernuclear 
wave function T//, the nuclear core wave function being obtained through the tech¬ 
nique of fractional parentage coefficients ||120|| . The many-body transition amplitude 
M.{Pi-,P 2 ) is then expressed in terms of two-body amplitudes (iVA^|l/|AA^) of the 
OME potential of Eq. (^. 

Since the A decays from an orbital angular momentum I = 0 state, in the non- 
mesonic decay rate one can easily isolate the contributions of neutron- and proton- 
induced transitions ||120|| , and the T^/Tp ratio can be directly evaluated. The NN 


hnal state interactions and the AN correlations (which are absent in an independent 
particle shell model) can also be implemented in the calculation ||118|,|120|,|131|, p!70[|. 


5.4 Polarization Propagator Method and Local Density Ap¬ 
proximation 

The A decay in nuclear systems can be studied by using the Polarization Propagator 
Method ||179|| , which is usually employed within the Random Phase Approximation 


(RPA). The calculation of the widths is performed in nuclear matter and then it is 
extended to hnite nuclei via the PDA. This many-body technique has been applied 
for the hrst time to hypernuclear decays in Ref. [p.63|| . It provides a unihed picture 


of the different decay channels and it is equivalent to the WFM ||180|| (in the sense 
that it is a semiclassical approximation of the exact quantum mechanical problem). 
For the calculation of the mesonic rates the WFM is more reliable than the PPM in 
LDA, this channel being rather sensitive to the shell structure of the hypernucleus, 
due to the small energies involved. In general it is advisable to avoid the use of the 
LDA to describe very light systems. On the other hand, the propagator method in 
LDA offers the possibility of calculations over a broad range of mass numbers, while 
the WFM is hardly exploitable for medium and heavy hypernuclei. 
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Figure 7: A self energy in nuclear matter. 


5.4.1 Nuclear matter 

To calculate the A width one needs the imaginary part of the A self-energy: 


Fa = —2 Im Sa- 


( 8 ) 


By using the customary Feynman rules, from Fig. the A self-energy in the non- 
relativistic limit is obtained as: 

Ea(;;) = 3t(Gml f + F^(q)G^(k - c,)G,(q), (9) 

the factor 3 being a consequence of the AJ = 1/2 rule. The nucleon and pion 
propagators in nuclear matter are, respectively: 


Gn{p) 


0{\p\-kF) 

Po - En{p} -Vn + ie 


0{.kF- \p\) 

Po - - Vn -ie' 


( 10 ) 


and: 


G'^(g) - 

% 


Q- 


mt 


KiQ)' 


( 11 ) 


The above form of the non-relativistic nucleon propagator refers to a non-interacting 
Fermi system but includes corrections due to Pauli principle and an average binding. 
Other effects of the nucleon renormalization in the medium are found to be negligible 
in the processes we are treating |p.81||. In the previous equations, p = {po,p) and 


Q = (q'o, <?) denote four-vectors, kp is the Fermi momentum, En is the nucleon total 
free energy, Vn the nucleon binding energy (which is density-dependent), and S* is 
the pion proper self-energy in nuclear matter. Moreover, in Eq. (P) we have included 
a monopole form factor describing the hadronic structure of the ttAN vertex: 


eAq) = 


Al- 


mt 


K-(io + r 
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(f) (g) (h) 

Figure 8: Lowest order terms for the A self-energy in nuclear matter. The meaning 
of the various diagrams is explained in the text. 


which is normalized to unity for on-shell pions. Since at present there is no reason 
to introduce a different form factor in the weak vertex, one utilizes here the same 
expression usually employed for the tiNN strong vertex. For instance, in the pole 
dominance description of the parity-conserving weak vertex, a form factor identical 
to the strong one is assigned. From empirical studies on the NN interaction it follows 
that Aj^atat — 1.3 GeV, and the same value can be used for tiAN. We note here that 
the parity-conserving term (/ = 1 term) in Eq. contributes only about 12% of the 
total free decay width. However, the P-wave interaction becomes dominant in the 
nuclear non-mesonic decay, because of the larger exchanged momenta. 

In Fig. 1^ we show the lowest order Feynman diagrams for the A self-energy in 
nuclear matter. Diagram (a) represents the bare self-energy term, including the 
effects of the Pauli principle and of binding on the intermediate nucleon. In (b) and 

(c) the pion couples to a particle-hole (p-h) and a A-i pair, respectively. Diagram 

(d) is an insertion of S'-wave pion self-energy at lowest order. In diagram (e) we 
show a 2p-2h excitation coupled to the pion through S'-wave tiN interactions. Other 
2p-2h excitations, coupled in P-wave, are shown in (f) and (g), while (h) is a RPA 
iteration of diagram (b). 

In Eq. there are two different sources of imaginary part. The analytical struc- 
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ture of the integrand allows the integration over qq [p.63|| . After performing this 
integration, an imaginary part is obtained from the (renormalized) pion-nucleon pole 
and physically corresponds to the mesonic decay of the hyperon. Moreover, the pion 
proper self-energy S*(g) has an imaginary part itself for {qo,^ values which corre¬ 
spond to the excitation of p-h, A-h, 2p-2h, etc states on the mass shell. By expanding 
the pion propagator G',r(?) as in Fig. ^ and integrating Eq. (i over qq, the nuclear 
matter A decay width of Eq. becomes ||163|| : 


2\2 


rA(fc,p) = -6(Gm^) 


dq 


j (2vr)3 
xlm , 


k-q \ -kF)0{ko - E^ik - ^ - Vn) 


( 12 ) 


where: 


a{q) 



Fl{q)Gl{q) + 


~S\q)UL{q) 

1 - VL{q)UF{q) 


Pirndq) PKq)UT{q) 

l-VL{q)UL{q) l-VT{q)UT{q)' 


(13) 


In Eq. ([l^ the hrst 6 function forbids intermediate nucleon momenta smaller than 
the Fermi momentum (see Fig. 0), while the second one requires the pion energy go to 
be positive. Moreover, the A energy, ko = E\{k) + Va, contains a phenomenological 
binding term. With the exception of diagram (a), the pion lines of Fig. |] have been 
replaced, in Eq. (JT^), by the effective interactions S, Pl, Pryi, Vt {L and T stand 
for spin-longitudinal and spin-transverse, respectively), which include tt- and p- 
exchange modulated by the effect of short range repulsive correlations. The potentials 
Vl and Vr represent the (strong) p-h interaction and include a Landau parameter 
g', which accounts for the short range repulsion, while S, Pl and Pt correspond to 
the lines connecting weak and strong hadronic vertices and contain another Landau 
parameter, g'j^, which is related to the strong AN short range correlations. For details 
on these potentials see appendix]^. Furthermore, in Eq. ([I^ : 


GUq) 


1 

9 -*9 9 ’ 

q^-q^-mi 


is the free pion propagator, while Uiiq) and UT{q) contain the Lindhard functions for 
p-h and A-h excitations ||182|| and also account for the irreducible 2p-2h polarization 
propagator: 


UlMi) = ^"''“(9) + £'^'■(9) + 


(14) 


They appear in Eq. ([T^) within the standard RPA expression. The decay width 
depends both explicitly and through t/L,r(<?) on the nuclear matter density p = 


2kp/3y. The Lindhard function for the p-h excitation is dehned by ||182||: 


UP^{q) = -4i 


dy 

(^ 


G%{p)G%{p -I- g). 
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where: 


G%ip) = 


P\ -kp) 


OjkF- I p I) 

Po-Tn{p) +ie ' po-Tn{p) -ie 


+ 


is the free nucleon propagator. In the above equation, T/v is the nucleon kinetic energy. 
The Lindhard function is obtained from by replacing the p-h propagators 
with the A-h ones. Analytical expressions of and are given in Refs. ||5^,|182 


For the evaluation of we discuss two different approaches. In Refs. 


I66|| a phenomenological parameterization was adopted: as we shall see in paragraph 
5.4.31 , this consists in relating to the available phase space for on-shell 2p-2h 

excitations in order to extrapolate for off-mass shell pions the experimental data of P 
wave absorption of real pions in pionic atoms. In an alternative approach ||167|| , as we 
shall discuss in detail in subsection p75|, is evaluated microscopically, starting 

from a classihcation of the relevant Feynman diagrams according to the so-called 
bosonic loop expansion, which will be obtained by means of a functional approach. 

In the spin-longitudinal channel, U{q) is related to the P-wave pion proper self¬ 
energy through: 




J TT 


mt 


■9L{q)UL{q) 


where the Landau function giiq) is given in appendix 
self-energy: 


The full pion (proper) 




also contains an F-wave term, which, by using the parameterization of Ref. |[I83 
be written as: 


, can 


=-4,r fl + ^)b„p, 

V TTT'nJ 


with bo = —0.0285/m7r. The function is real (constant and positive), there¬ 

fore it contributes only to the mesonic decay [diagram (d) in Fig. is the relative 
lowest order]. On the contrary, the P-wave self-energy is complex and attractive: 
Re Si^^*(g) < 0. 

The propagator method provides a unihed picture of the decay widths. A non¬ 
vanishing imaginary part in a self-energy diagram requires placing simultaneously 
on-shell the particles of the considered intermediate state. For instance, diagram (b) 
in Fig. ^ has two sources of imaginary part. One comes from cut 1, where the nucleon 
and the pion are placed on-shell. This term contributes to the mesonic channel: the 
hnal pion eventually interacts with the medium through a p-h excitation and then 
escapes from the nucleus. Diagram (b) and further iterations lead to a renormalization 
of the pion in the medium which may increase the mesonic rate even by one or two 
orders of magnitude in heavy nuclei ||108| , |109|, |163|| . The cut 2 in Fig. §(b) places a 
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nucleon and a p-h pair on shell, so it is the lowest order contribution to the physical 
process AN NN; analogous considerations apply to all the considered diagrams. 

In order to evaluate the various contributions to the width stemming from Eq. (|^, 
it is convenient to consider all the intervening free meson propagators as real. Then 
the imaginary part of (p!3D will develop the following contributions: 

UlAq) ImUP^iq) + + Imf/J^"(g) 

1 - VL,T{q)UL,T{<l) I 1 - ? ' 

The three terms in the numerator of Eq. (p!5D can be interpreted as different decay 
mechanisms of the hypernucleus. The term proportional to Im provides the one- 
nucleon induced non-mesonic rate, Ti. There is no overlap between lmU^^{q) and 
the pole go = <^(^) in th® (dressed) pion propagator G.n-(g): thus the separation of the 
mesonic and one-body stimulated non-mesonic channels is unambiguous. 

Further, accounts for the A —>■ tiN decay width, thus representing a 

contribution to the mesonic decay. 

The third contribution of Eq. ([T5|), proportional to intervenes in a wide 

kinematical range, in which the above mentioned cuts put on the mass shell not only 
the 2p-2h lines, but possibly also the pionic line. Indeed the renormalized pion pole 
in Eq. (pd^ is given by the dispersion relation: 

- Re e; g] = 0, 

with the constraint: 

=ko- E^ik - ^ - Vat. 

At the pion pole, ^ 0, thus the two-body induced non-mesonic width, r 2 , 

cannot be disentangled from the mesonic width, Tm. In other words, part of the 
decay rate calculated from Im is due to the excitations of the renormalized pion 
and gives in fact Tm, with the exception of the mesonic contribution originating from 
Imt/^^, which is, however, only a small fraction of Tm. In order to separate Tm from 
r 2 , in the numerical calculation it is convenient to evaluate the mesonic width by 
adopting the following prescription. We start from Eq. (0). setting: 

a(g) = olmWi = (^S'^ + 

and omitting Im S* in G.^ (which corresponds to set Im = Im = Im = 
0). Then lmaM{q) only accounts for the (real) contribution of the pion pole: 

Im G^(g) = -nd [ql -q^ -ml-Re E;(g)] . 

We notice that the compact relation (PR| ) between Q;(g) and the pion propagator is 
valid only for the calculation of the mesonic decay mode. In fact in this case the 
following substitutions must be performed in Eq. (|^ (see also appendix 

S(p) ^ -|_ 

'' *7r 

I! V'jY I • ^7j" 

Prip) 0, 




mt 


f Fl{q)GM. 


( 16 ) 
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and hence the varions terms in a{q) can be combined to give the expression (^). 
Obviously this implies that no correlation other than the pion is active between the 
A and the strong vertices = 0). 

Once the mesonic decay rate is known, one can calculate the three-body non- 
mesonic rate by subtracting Fm and Fi from the total rate Ft, which one gets via the 
full expression for a{q) [Eq. (|^)]. 


5.4.2 Finite nuclei 

Using the Polarization Propagator approach, the decay widths in finite nuclei are ob¬ 
tained from the ones evaluated in nuclear matter via the LDA: the Fermi momentum 
is made r-dependent (namely a local Fermi sea of nucleons is introduced) and related 
to the nuclear density by the same relation which holds in nuclear matter: 


kpir) = < -vrV(A) 


1/3 


(17) 


Moreover, the nucleon binding potential Vn also becomes r-dependent in LDA. In 
Thomas-Fermi approximation one assumes: 


+ v„(r) ^ 


2m 


Uv(F) = 0. 


N 


For the A binding energy, Va, the experimental values can be used. With 

these prescriptions one can then evaluate the decay width in finite nuclei by using the 
semiclassical approximation, through the relation: 


rA(i)= / (if |i;'A(f)/rA k,p(r 


(18) 


where i/'a is the appropriate A wave function and Pa k,p{r) is given by Eqs. ( 0 . 


(|T^. This decay rate can be regarded as the fc-component of the A decay rate in the 
nucleus with density p(r). It can be used to estimate the decay rates by averaging 
over the A momentum distribution \'ijj\{k)\‘^. One then obtains the following total 
width: 


rA= / dk\Mkp-TA(k), 


(19) 


which can be compared with the experimental results. 


5.4.3 Phenomenological 2p-2h propagator 

Coming to the phenomenological evaluation of the 2p-2h contributions in the A self¬ 
energy, we recall that the authors of Ref. ||165|| employed the following equation for 
the imaginary part of 


Im U\ 


2p2h ( -* \ 

LT Wo,g;p) = 


P(m^,0;Peff) 


-Im U] 


2p2h 


LT 


0, Peff): 


( 20 ) 
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where pefr = 0.75p. By neglecting the energy and momentum dependence of the p-h 
interaction, the phase space available for on-shell 2p-2h excitations [calculated, for 
simplicity, from diagram ||(e)] at energy-momentum (go, ^ and density p turns out 
to be: 

P(qa, q\p)<x j djh I„1 £/!>'• + t;; pj ijpf‘ pj 

In the region of (go, ^ where the p-h and A-i excitations are off-shell, the relation 
between and the P-wave pion-nucleus optical potential Vopt is given by: 

- ’-p -= 2*Kpt(<(); (21) 

1 - ^9L{q)UL{q) 

at the pion threshold Vopt is usually parameterized as: 

2qoVopt{qo ~ g ~ 0; p) = -47rg V^C'o, (22) 


where Co is a complex number which can be extracted from experimental data on pi- 
onic atoms. By combining Eqs. (pH) and (p^ ) it is possible to parameterize the proper 
2p-2h excitations in the spin-longitudinal channel through Eq. (p0[) , by setting: 

g ^^P^(go ~ m^, g ~ 0)P^^^''(go ~ m^, g ~ 0; p) = -dvrg VQ- (23) 

The value of also depends on the correlation function ql. From the analysis of 
pionic atoms data made in Ref. ||184|| and taking g' = giiO) = 0.615, one obtains: 

Co = (0.105+ i0.096)/m^ 


The spin-transverse component of p 2 p 2 /i jg assumed to be equal to the spin- 
longitudinal one, and the real parts of p^^^^ and P^^^^ are considered 

constant [by using Eq. (pOf)] because they are not expected to be too sensitive to 
variations of go and g. The assumption P^^^^ = is not a priori a good approxi¬ 


mation, but it is the only one which can be employed in the present phenomenological 
description. Yet, the differences between p^^^^ and (which will be discussed in 

subsection |^ ; see, in particular, hgure |^) can only mildly change the partial decay 
widths: in fact, are summed to P^^, which gives the dominant contribution. 


Moreover, for p^^^^ = the transverse contribution to r 2 [fourth term in the 

right hand side of Eq. (|I^)] is only about 16% of r 2 (namely 2 -h 3% of the total 
width) in medium-heavy hypernuclei. 


5.5 Functional approach to the A self—energy 

In alternative to the above mentioned phenomenological approach for the two-body 
induced decay, we discuss here a microscopic approach. In particular, we will show 
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how the most relevant Feynman diagrams for the calcnlation of the A self-energy can 
be obtained in the framework of a fnnctional method: following Ref. Ill we will 
shortly derive a classification of the diagrams according to the prescription of the 
so-called bosonic loop expansion (BLE). 

The baryon-baryon strong interactions cannot be treated with the standard per- 
tnrbative method. Indeed, in the stndy of nnclear phenomena we always need to 
snm, np to inhnite order, the series of pertinent diagrams. For instance, one nsnally 
performs the snmmation of the inhnite classes of diagrams entailed by the RPA and 
Dyson eqnations. However, in the above qnoted schemes no prescription is given to 
evalnate the “next-to-leading” order. 

The fnnctional techniqnes can provide a theoretically fonnded derivation of new 
classes of expansion in terms of powers of snitably chosen parameters. On the other 
hand, as we will see, the ring approximation (a snbclass of RPA) antomatically ap¬ 
pears in this framework at the mean held level. This method has been extensively 


applied to the analysis of diherent processes in nnclear physics ||185H187l] . Here it will 


be employed for the calcnlation of the A decay rates in nnclear matter, which can 
be expressed throngh the nnclear responses to psendoscalar-isovector and vector- 
isovector helds. The polarization propagators obtained in this framework inclnde 
ring-dressed meson propagators (which represent the mean held level of the theory) 
and almost the whole spectrnm of 2p-2h excitations (expressed in terms of a one-loop 
expansion with respect to the ring-dressed meson propagators), which are reqnired for 
the evalnation of P 2 . Actnally, the semiclassical expansion leads to the prescription 
of gronping the relevant Feynman diagrams in a consistent many-body description 
of the “in medinm” meson self-energies: the general theorems and snm rnles of the 
theory are preserved. 

Let ns hrst consider the polarization propagator in the pionic (spin-longitndinal) 
channel. In order to exemplify, it is nsefnl to start from a Lagrangian describing a 
system of nncleons interacting with pions throngh a psendoscalar-isovector conpling: 


CnN = 'Ipi'ip - ^iv)^ + 

where 0 (0) is the nncleonic (pionic) held, and: 


i'lpV'ip ■ 0 , 


r = 5'75^ 

{g = 2 /,r’^iv/'^ 7 r) is the spin-isospin matrix in the spin-longitndinal isovector channel. 
We remind the reader that in the calcnlation of the hypernnclear decay rates one 
also needs the polarization propagator in the transverse channel [see Eqs. (1^ and 


(h^ j: hence, we will have to inclnde in the model another mesonic degree of freedom, 
the p meson. This is relatively straightforward, since the semiclassical expansion is 
characterized by the topology of the diagrams, so the same scheme can be easily 
applied to mesonic helds other than the pionic one. In this snbsection we present a 
relativistic formalism, its non-relativistic rednction being trivial. 

Let ns now introdnce a classical external held p with the qnantnm nnmbers of the 
pion. The Lagrangian then becomes: 


CnN - #r0 • (0. 
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The corresponding generating functional in terms of Feynman path integrals has the 
form: 


= / V 




exp 


dx 


C-in(x) - ii’(x)fii(x) ■ f(x) 


(24) 


(here and in the following the coordinate integrals are 4-dimensional). All the helds 
in the functional integrals have to be considered as classical variables, but with the 
correct commuting properties (hence the fermionic helds are Grassman variables). 
The physical quantities of interest for the problem are deduced from the generating 
functional by means of functional differentiations. In particular, by introducing a new 
functional such that: 


z[0] = exp{!Z.;[^]}, 


(25) 


the spin-longitudinal, isovector polarization propagator turns out to be the second 
functional derivative of with respect to the source dp of the pionic held: 


np(x,2/) 


_dpi{x)dpj{y) _ 


1^=0 


(26) 


We notice that the use of Z^, instead of Z in Eq. ( p6D amounts to cancel the dis¬ 
connected diagrams of the corresponding perturbative expansion (linked cluster the¬ 
orem). From the generating functional Z one can obtain diherent approximation 
schemes according to the order in which the functional integrations are performed. 

By integrating Eq. (^^ over the mesonic degrees of freedom first, the generating 
functional can be written in terms of a fermionic ehective action Sfg. Up to an 
irrelevant multiplicative constant: 


Z[(p] = j V^,^)] exp {zFgg [-0,0] } . 

The remaining integration variables are interpreted as physical helds and, beyond 
the kinetic term, S'Jjj describes a quadrilinear non-local, time- or energy-dependent 
nucleon-nucleon interaction induced by the exchange of one pion: 


= j dxdy \^{x)Gj^^{x-y)i){y) 


(27) 


^ V'(a;)ri0(a;)G° (a; - y) f){y)Tifj{y)\ , 


2 = 1 


where Gn and are the nucleon and free pion propagators, respectively, which 
satisfy the following held equations: 



Gn{x 


y) = d{x 


y)^ 


(□^ + ml) Gl{x -y) = -6{x- y). 

The pion propagator is diagonal in the isospin indices: (G°)-^- = The ehective 

action (1^) can then be utilized in the framework of ordinary perturbation theory and 
does not bring signihcant novelties with respect to the usual calculations; furthermore, 
it cannot be correctly renormalized due to the absence of a term proportional to <p‘^, 
which is needed to cancel the divergence of the 4-points fermion loops. 
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5.5.1 The bosonic effective action 


Alternatively it is possible to eliminate, in Eq. (1^) , the nncleonic degrees of freedom 
first (withont destroying the renormalizability of the theory ||186|| ). By introdncing 
the change of variable ^ <p — fi, Eq. (|^) becomes: 


(28) 


Z\(p\ = dxdyip{x)-Gl\x-y)0{y) 


X / V 


1 




exp<^z / dxdy [fi{x)Gj^\x - y)'ip{y) 


+^(j){x) -Gl {x-y)[ (j){y) + 2(p{y) 
where the integral over is ganssian: 

/ V U / dxdyij{x)G]:f^{x-y)fi{y)'> = (detGN) 


-1 


Hence, after mnltiplying Eq. (|2E| ) by the nnessential factor det G% {G% being the free 
nncleon propagator), which only redefines the normalization constant of the generat¬ 
ing fnnctional, and using the property detX = exp {Tr InX}, one obtains: 


with: 


(29) 


Z[fi] = exp{- dxdy 0{x)-G^ {x - y)0{y) 


X / V 


exp \ iS'Jf 


qB 


= I dxdy { ^(f{x) -Gl'ix-y) (j){y) + 2ip{y) 


+ K 


(30) 


14 




n=l 


-^Tr(rirj) / dxdyU^{x,y)(l)i{x)(l)j{y) 




(31) 


+ dxdydzir(x,y,z)^i{x)^j{y)<pk{z) + 0{^‘*). 


ij,k 


In the abov^: 


-ilf{x,y) = iG%{x - y)iG%{y - x), (32) 

-ill^{x,y,z) = iG%{x - y)iG%{y - z)iG%{z - x), etc. (33) 


"Eq. dH) is a compact writing: for example, the n = 2 term must be interpreted as: 
^Tr f dxdyTTY^iT,G%{x-y)iTjG%{y-x)(j)iix)(l)fiy), 

i -3 

where the trace in the right hand side acts on the vertices F, and so on. 
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Figure 9: Diagrammatic representation of the bosonic effective action (|^ . 


With this procedure we have thus derived an effective action for the bosonic field 
(j). This action contains a term for the free pion field and also a highly non-local 
pion self-interaction W, which is illustrated by the Feynman diagrams shown in 
Fig. S This effective interaction is given by the sum of all diagrams containing 
one closed fermion loop and an arbitrary number of pionic legs. We note that the 
function in Eq. is the free particle-hole polarization propagator, namely the 
Lindhard function. Moreover, the functions ... , z) are symmetric for cyclic 

permutations of the arguments. 


5.5.2 Semiclassical expansion 

The next step is the evaluation of the functional integral over the bosonic degrees 


of freedom in Eq. (|^). A perturbative approach to the bosonic effective action (|30|) 
does not seem to provide any valuable results within the capabilities of the present 
computing tools and we will follow here another approximation scheme, namely the 
semiclassical method. 


Mean field level 

The lowest order of the semiclassical expansion is the stationary phase approximation 
(also called saddle point approximation in the Euclidean space): the bosonic effective 
action is required to be stationary with respect to arbitrary variations of the helds 



6(t)i{x) 


From the partial derivative of Eq. ( 0 ) one obtains the following equation of motion 
for the classical field 0: 


(□ +ml) (f)i{x) 


/ 




v)fi{y) + 



1_I 


x) 


(34) 


whose solutions are functional of the external source ip. The exact solution cannot be 
written down explicitly. However, due to the particular form of 14r[0], when 0^0 
one solution is 0 = 0; the general solution of Eq. ([5^) can then be expressed as an 
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expansion in powers of (p: 


0 .( 0 ;) = Y. dyM-.y)^Ay) 


(35) 


/ dyd^Bijk{x,y,z)ipj{y)ipk{z)+ 0 {(f) . 


j,k 

By snbstitnting Eqs. (^5]) and (^T]) into (^4]) and keeping only terms linear in <^9., one 
obtains the following relation for Aij\ 

Aij{x,y)-Ai {Vl) J dudvGl{x - u)Il^{u,v)Aij{v,y) = 5ij6{x - y). (36) 

Finally, by introdncing the ring-dressed pion propagator G™®, which satishes the 
Dyson eqnation: 

G^^^ix -y)= GUx - 2 /) + Tr (F^) [ dudvG^x - u)U\u,v)GT^{v - y), 


or, formally: 


^ring _ 


GO 


1 - Tr (r2) Gono ’ 

the solntion of Eq. (|5B[ ) reads: 

Aj{x,y) = 6ij [ dzG'^^^^ix - z)Gl~\z - y). 


Thns, the saddle point solntion of Eq. (|3b|) at hrst order in the sonrce (p is: 

= j z)G’p{z-y)ipi(y) 

= I ‘‘y (cf*Gr‘) - vMy), 

and the corresponding bosonic effective action reads: 

1 


qB 

‘^eS 


/.ring 


dx dy du dv G^ {x — u) 


X(0(m) ■G™®(a;-|/)G° \y-v)^{v). 
Now, the generating fnnctional of Eq. (^^ takes the form: 

Z[(p] = exp|^ J dx dy du dv (p{u) ■ G^ ^ {x — u) 

X [GO (a; - y) - G^^^{x - y)] Gl-\y - n)(^(n)| , 


(37) 


(38) 
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and the polarization propagator can then be evalnated by nsing Eqs. (|^) , (^61) . One 
obtains that in the saddle point approximation it coincides with the well known ring 
expression: 


T{ij{x,y) = 5, 




n°(a;,|/) + Tr(r2) / dudvY]^{x,u)G^^'^^{u - v)Yi^{v,y) 




or, formally: 


n 


no 

1 - Tr (rf) Gono 


= 


Hence, the ring approximation corresponds to the mean held level of the present 
effective theory. 


Quantum fluctuations around the mean field solution (one—boson—loop cor¬ 
rections) 

In the next step of the semiclassical expansion we write the bosonic effective action 
as: 


qB 


_ qB 

— '^eS 


/ dx dy 


r2 nB 


S(j)i{x)6(j)j{y) 


j)=(jp 


X [(t>i{x) - 0°(x)] [(t)j{y) - 05(i/)] , 

where now (fP also contains the second order term in the sonrce 0 [see Eq. (^^]. Then, 
after performing the ganssian integration over 0, the generating fnnctional reads: 


Z [0] = exp 


dx dy 0{x) ■ (x - y)0{y) 


(39) 


X exp { iS0 


eff 


-Tr In 
2 


j;2cB 


and the polarization propagator is: 

^2 


nq(x,|/) = - 


Sipi{x)6ipj{y) 


qB 


H—Tr In 
2 


Sil>i(x)S4>j(y) 


S^-SS, 


S^k(.x)Sitii(y) 


(40) 


0=0 
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In the above, the second derivative of the effective action (pOD at the order 0^ turns 
out to be: 


r2 nB 


= 5,,GO- (a;-|/) + Tr(r,r,)nO(x,|/) 


(41) 


6(j)i{x)6(j)j{y) 

+ ^ y du [Tr {TiTjTk)U°{x,y,u)+ TT(TjTiTk)U^{y,x,u)] (j)k{u) 

k 

+ y^ / [Tr(rirjrfcri)nO(x,i/,M,n)+ Tr(rjrirfcr0nO(?/,x,M,n) 

k,l 

+ Tr (rir,rjrfc)n°(a;,n,|/,M)] 0fc(M)0z(n). 

The second term in the right hand side of Eq. m does not affect the calculation of 
Eq. (|4D|). By substituting Eq. (P^f ) in the equation of motion (P^), from the terms of 
order one gets for the Bijk functions the following expression: 

Bijk{x,y,z) = 2Tr(rjrjTfc) J dudvdtIl^{u,v,t)G^^^^{x — u) (42) 

X (Gi'“Gl-') (v - y) (Gf«G;-‘) (( - x). 


There remains now to calculate the logarithm in Eq. (hOD up to second order in (p. One 


can multiply the generating functional (p^) by the factor (detG°) ' , inessential i 
the calculation of the polarization propagator (this corresponds to multiply Eq. 
by G°). Then, after calculating Eq. (pT[) for 0 = 0°, with 0*^ given by the Eqs. 


m 


(^), we expand the logarithm up to 0^ and take the trace to the same order. 
This is rather tedious, but, at the end, the derivation with respect to the external 
source provides the following total polarization propagator: 


T{ij{x,y) = SijTlix^y), 


where: 




(43) 


kl 


+ ^Tr(rfcr0 f dudvG0^{u - v) [ll^{x,u,v,y) + Il^{x,y,v,u)] 

kl 

+/*d.d»dsGr(..-»)Gr«(.-x)n»(..«.„) 

X ^ [Tr (rA;r)r,nrn)n°(i/,w,s) + Tr {rkTirnTm)'n^{y,s,w)]. 


klmn 


We remind the reader that the second derivative of S'Jf 


0 ring 


and 


with 


respect to the external source, with 0"^™® 


given by Eq. 


[Eqs. ®, ( 13 ), ( 0 ) 1 , 


gives the same result (the ring polarization propagator) when evaluated at 0' = 0. 
The Feynman diagrams corresponding to Eq. (p3D are depicted in Fig. 0 Diagram 
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Figure 10: Feynman diagrams for the polarization propagator of Eq. (^3|): (a) 

particle-hole; (b) exchange; (c) and (d) self-energy-type; (e) and (f) correlation 
diagrams. Only the first contribution to the ring expansion has been drawn. The 
dashed lines represent ring-dressed pion propagators. 
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(A) 


(B) 


Figure 11: First order diagrams in the bosonic loop expansion. Diagrams (b), (c) and 
(d) of Fig. 1^ reduce to diagram (A), while (e) and (f) reduce to (B). 


(a) represents the Lindhard function n°(x,?/), which is the hrst term of ?/). 

In (b) we have an exchange diagram (the thick dashed lines representing ring-dressed 
pion propagators); (c) and (d) are self-energy diagrams, while in (e) and (f) we 
show the correlation diagrams of the present approach. The approximation scheme 
developed here is also referred to as bosonic loop expansion (BLE). The practical rule 
to classify the Feynman diagrams according to their order in the BLE is to reduce to 
a point all its fermionic lines and to count the number of bosonic loops left out. In 
this case the diagrams (b)-(f) of Fig. reduce to a one-boson-Ioop. Diagrams (b), 
(c), (d) can be represented by the loop (A) of Fig. |ll], while (e) and (f) correspond 
to the loop (B) of the same hgure. 

The polarization propagator of Eq. (^31) is the central result of this microscopic 
approach, which will be used in the calculation of the A decay width in nuclear matter. 
Notice that the model can easily include the excitation of baryonic resonances, by 
replacing the fermionic held with multiplets. The topology of the diagrams remains 
the same as in Fig. but, introducing for example the A resonance, each fermionic 
line represents either a nucleon or a A, taking care of isospin conservation. One thus 
obtains 15 exchange, 14 self-energy and 98 correlation diagrams (see Ref. | 187 | for 
the whole diagrammology). 

Moreover, since the BLE is characterized by the topology of the diagrams, one 
can include in the model additional mesonic degrees of freedom, together with phe¬ 
nomenological short range correlations. In particular, the extension to other spin- 
isospin channels simply amounts to change the dehnition of the vertices Fj in Eq. (|43|) 
and the same occurs for the non-relativistic reduction of the theory. Accordingly, for 
the non-relativistic pion-exchange, Fj becomes (apart from the coupling constant) 
(a ■ q)Ti, for the p-exchange it reads {a x q)kTi, k being a spatial index, and for 
the cn-exchange Fj oc {a x q)i. The exchange of a;-mesons is taken into account 
only inside the one-boson-loop diagrams (b)-(f) of Fig. 0, but not in the mesonic 
lines stemming from the A decay vertex, where the considered exchanged meson is, 
necessarily, of isovector nature (vr or p). Beyond tt, p and a; mesons, the present ap¬ 
proach also contains (partly) the exchange of the scalar-isoscalar a-meson: indeed, in 
the phenomenology of the Bonn NN potential ||188|| , the latter is described through 
box diagrams (which are contained in the correlation diagrams of Fig. 0). namely 
by the exchange of two pions with the simultaneous excitation of one or both the 
intermediate nucleons to a A resonance. 
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A further difficulty arises if one starts from a potential model rather then from 
a Lagrangian containing bosons as true degrees of freedom. However this disease is 
easily overcome by means of a Hubbard-Stratonovitch transformation, which enables 
one to substitute a potential with a two-body interaction between nucleons by a 
suitably introduced auxiliary held. As an example, for a scalar-isoscalar potential V, 
the relevant identity reads: 


exp 1 2 y dxdy'tp{x)ip{x)V{x — y)'ip{y)ip{y) [■ = Vdet V 
X / I)[(T]exp f dxdya{x)V-\x-y)a{y) + i I dx^{x)^/J{x)a{x) 


where a is the auxiliary held. Clearly, the previous derivation will remain valid, 
providing one substitutes the inverse propagator of the auxiliary held with the inverse 
potential in the “free” part of the action. 

Finally, a relevant point for the feasibility of the calculations is that all fermion 
loops in Fig. 0 can be evaluated analytically [p.89|| , so that each diagram reduces to 
a 3-dimensional (numerical) integral. 

In particular, the formalism can be applied to evaluate the functions Ul^t of 
Eq. ([I^) , which are required in Eqs. (|^, ([I^) . In the one-boson-loop (OBL) ap¬ 
proximation of Eq. (|i3|) and Fig. [TO we have to replace Eq. (pB]) with; 


a{q) = ( ) F‘^{q)Gl{q) + 


mt 


~S\q)Ui{q) 

l-VL{q)UM 


+ 


Pl{q)Ui{q) 


+ 2: 


P|(g)f/i(g) 


l-Vl(g)Pi(g) l-VT{q)UM 


S'\q) + PM U2^^{q) + 2P^{q)Ur\q). 


OBL/ 


(44) 


where 


Ui = 

while are evaluated from the diagrams pffi|(b)-[T0|(f) using the standard Feynman 
rules. The normalization of these functions is such that UP^{x,y) = 4n°(a;,?/), n° 
being given by Eq. (|3^. One relevant diherence between the OBL formula (|4^ ) and 
the RPA expression of Eq. ( 0 ) lies in the fact that in the former, to be consistent 
with Eq. (P5|), the 2p-2h diagrams (which contribute to are not RPA-iterated. 


5.6 Results of the phenomenological calculation 


We shall illustrate here and in the following subsection the results which can be ob¬ 
tained for hypernuclear decay widths by employing the two approaches (phenomeno¬ 
logical and microscopic) illustrated above. 

To start with let us consider the PPM combined with the LDA: in order to evaluate 
the width from Eqs. 


(pR|) one needs to specify the nuclear density and the wave 
function for the A. The former is assumed to be a Fermi distribution (normalized to 
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the nuclear mass number A): 


PA{r) = 


A 


lrR>(A) i 1 + 


na 

Lip")] 



1 + exp 


R(,A) 


(45) 


with radius R{A) = 1.1274^/^ — fm and thickness a = 0.52 fm. The A wave 

function is obtained from a A-nucleus potential of Woods-Saxon shape, with hxed 
diffuseness and with radius and depth such that it exactly reproduces the hrst two 
single particle eigenvalues (s and p A levels) of the hypernucleus under analysis. 


5.6.1 Short range correlations and A wave function 


12 /-' 

A 


A crucial ingredient in the calculation of the decay widths is the short range part of 
the strong NN and AN interactions. They are expressed by the functions gL,T{<i) 
and reported in appendix ^ and contain the Landau parameters g' and g'j,^, 

respectively. No experimental information is available on g'j^, while many constraints 
have been set on g', for example by the well known quenching of the Gamow-Teller 
resonance. Realistic values of g' within the framework of the ring approximation are 
in the range 0.6 -h 0.7 ||179|| . However, in the present context g' correlates not only 


p-h pairs but also p-h with 2p-2h states. In order to £x the correlation parameters 
in this new contest, in Ref. ||166|| the calculated non-mesonic width of has been 
compared with the experimental one. 

In Fig. ^ we see how the total non-mesonic width for carbon depends on the 
Landau parameters. The rate decreases as g' increases. This characteristic is well 
established in RPA [see Eq. (HI)]- Moreover, for hxed g', there is a minimum for 
g'j^ ~ 0.4 (almost independent of the value of g'). This is due to the fact that for 
g'j\^ 0A the longitudinal P-wave contribution in Eq. (^) dominates over the trans¬ 

verse one and the opposite occurs for g'^ ^ OA (we also remind the reader that the 
F-wave interaction [Eq. (p3|)] is independent of g'j^). Moreover, the longitudinal P 
wave AN —>■ NN interaction [Eq. (^^] contains the pion exchange plus short range 
correlations, while the transverse P-wave AN —>■ NN interaction [Eq. (^)] only 
contains repulsive correlations, so with increasing g'^^ the P-wave longitudinal con¬ 
tribution to the width decreases, while the P-wave transverse part increases. From 
Fig. 1^ we see that there is a broad range of choices of g' and g'j^^ values which £t 
the “experimental band”: F^^/F[(®® = 0.94 -h 1.07. The latter represents decay 
widths which are compatible with both the BNL and KEK experiments. 
One should notice that the theoretical curves reported in Fig. contain the con¬ 
tribution of the three-body process ANN NNN] should the latter be neglected 
(ring approximation), then one could get equivalent results with g' values smaller 
than the ones reported in the hgure (typically Ag' ~ —0.1). The phenomenology of 
the (e, e') quasi-elastic scattering suggests, in ring approximation, g' values in the 
range 0.6 -i- 0.7. Here, by taking into account also 2p-2h contributions, “equivalent” 
g' values larger than in ring approximation are used. From Fig. |T^ the experimen¬ 
tal band appears to be compatible with g' in the range 0.75 -i- 0.85 and g'j^ in the 
range 0.3 -h 0.5. On the other hand, the new KEK results |p9| , |101| , pn| , p.74|] set an 
upper limit of about 1.03 for the non-mesonic width, which practically forced us to 
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Figure 12: Dependence of the 
g'f^ for The experimental 
horizontal solid (dashed) lines 


non-mesonic width on the Landau parameters g' and 
value from BNL (KEK [Q) lies in between the 
(taken from Ref. [ 166|| ). 
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Table 10: Sensitivity of the decay rates to the A wave function for (taken from 
Ref. ||166|| ). 


Micr. Dover 
W-S 


H.O. 


New 

W-S 


BNL 


KEK 


KEK New 


98 


99,171,174 


Tm 

0.25 

0.25 

0.26 

0.25 

0.11 

± 

0.27 

0.36 

± 

0.13 

0.31 

± 

0.07 

hi 

0.69 

0.77 

0.78 

0.82 










Ts 

0.13 

0.15 

0.15 

0.16 










TatM 

0.81 

0.92 

0.93 

0.98 

1.14 

± 

0.20 

0.89 

± 

0.18 

0.83 

± 

0.11 

Tt 

1.06 

1.17 

1.19 

1.23 

1.25 

± 

0.18 

1.25 

± 

0.18 

1.14 

± 

0.08 


chose g' > 0.8 and g'j^ in the above mentioned interval; considering that Tnm does 
not change dramatically in this range, g'^^ = 0.4 is a reasonable choice. The new 
KEK data are: Tt’/T^®® = 1.14 ± 0.08 and = 0.113 ± 0.014; taking for T^o 

the data from |^, Tj^o/T^®® = 0.061 o;q 5, and |Q, Tj^o/Tt = 0.174 ± 0.058, which 
gives Tjro/T^®® = 0.198 ± 0.067 (the calculation of Refs. [p.08| , |109|| supply Tj^o values 


which lie in between the above central data), by subtraction from the total width 
one obtains = 0.97to;io or rNM/r)v®® = 0.83 ± 0.11 for the two choices of 

Tj^o. Finally, from Fig. |T^ we see that the values compatible with both these inter¬ 
vals (0.87 -h 0.94) require g' = 0.85 0.90. This argument somewhat enlarges the 

above considered experimental band of Fig. |T^ (0.941.07) from below, giving a new 
interval, 0.87 1.07, whose central value is reproduced by hxing g' = 0.8, g'p^ = 0.4. 

Using these values for the Landau parameters, we illustrate now the sensitivity of 
the calculation of Ref. ||166|| to the A wave function in In addition to the Woods- 


Saxon potentials (New W-S) that reproduces the s and p A-levels, other choices have 
also been used. In particular: an harmonic oscillator wave function (H.O.) with an 
’’empirical” frequency oj [^,^, obtained from the s — p energy shift, the Woods- 
Saxon wave function of Ref. (Dover W-S) and the microscopic wave function 
(Micr.) calculated, in Ref. ||190|| , from a non-local self-energy using a realistic KN 
interaction. The results are shown (in units of the free A width) in table 0, where they 

and KEK pHj p9|, |m|, | 


are compared with the experimental data from BNL 
By construction, the chosen g' and g'[^ reproduce the experimental non-mesonic width 
using the W-S wave function which gives the right s and p hyperon levels in 
(column New W-S). We note that it is possible to generate the microscopic wave 
function of Ref. ||190|| for carbon via a local hyperon-nucleus W-S potential with 
radius 2.92 fm and depth —23 MeV. Although this potential reproduces fairly well 
the experimental s-level for the A in it does not reproduce the p-level. A 
completely phenomenological A-nucleus potential, that can easily be extended to 
heavier nuclei and reproduces the experimental A single particle levels as well as 

1116611 


possible, has been preferably adopted in Ref. 


Except for s-shell hypernuclei. 


where the experimental data require A-nucleus potentials with a repulsive core at 
short distances, the A binding energies have been well reproduced by W-S potentials. 
The authors of Ref. ||166|| use a W-S potential with hxed diffuseness (a = 0.6 fm) and 
adjust the radius and depth to reproduce the s and p A-levels. The parameters of 
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Table 11: W-S parameters (taken from Ref. 


)• 


A+1 7 

A ^ 

R (fm) 

Vo (MeV) 

i2r' 

A 

2.27 

-32.0 

i«Si 

3.33 

-29.5 

i°Ca 

4.07 

-28.0 

fFe 

4.21 

-29.0 

fY 

5.07 

-28.5 


6.81 

-27.5 

208pb 

5.65 

-32.0 


the potential for carbon are R = 2.27 fm and Vq = —32 MeV. 

To analyze the results of table 0, we note that the microscopic wave function 
is substantially more extended than all the other wave functions used in the present 
study. The Dover’s parameters |^, namely R = 2.71 fm and Vq = —28 MeV, 
give rise to a A wave function that is somewhat more extended than the new W- 
S one but is very similar to the one obtained from a harmonic oscillator with an 
empirical frequency hu = 10.9 MeV. Consequently, the non-mesonic width from 
the Dover’s wave function is very similar to the one obtained from the harmonic 
oscillator and slightly smaller than the new W-S one. The microscopic wave-function 
predicts the smallest non-mesonic widths due to the more extended A wave-function, 
which explores regions of lower density, where the probability of interacting with 
one or more nucleons is smaller. From table 0 we also see that, against intuition, 
the mesonic width is quite insensitive to the A wave function. On this point we 
remind the reader that the more extended is the wave function in r-space, the larger 
is the mesonic width, since the Pauli blocking effects on the emitted nucleon are 
reduced. However, the integral over the A-momenta in Eq. (P^ is weighted by the 
momentum distribution |'^a(^)|, which correspondingly tends to cancel the above 
mentioned effect: as a result, Tm is insensitive to the different wave functions used in 
the calculation and it is consistent with both the BNL and KEK data. In summary, 
different (but realistic) A wave functions give rise to total decay widths which may 
differ at most by 15%. 


5.6.2 Decay widths of light to heavy A— hypernuclei 

Using the new W-S wave functions and the Landau parameters g' = 0.8 and = 0.4, 
in Refs. [p.66| , |191| the calculation has been extended to hypernuclei from ^He to ^°®Pb. 
We note that, in order to reproduce the experimental s and p levels for the hyperon in 
the different nuclei one must use potentials with nearly constant depth, around 28-i-32 
MeV, in all but the lightest hypernucleus (iHe). Radii and depths of the employed 
W-S potentials are quoted in table 0. In the case of helium, the A-nucleus mean 
potential has a repulsive core. For this hypernucleus the most convenient A wave 
function turn out to be the one derived in Ref. , within a quark model description 
of iHe. 


The resulting hypernuclear decay rates are shown in table 0 ||166|,|191|. We ob 
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Table 12: Mass dependence of the hypernuclear weak decay rates. 


A+1 7 

A ^ 


Pm 

Pi 

r2 

Pt 

iHe 


0.60 

0.27 

0.04 

0.91 

12^ 

A 


0.25 

0.82 

0.16 

1.23 

fSi 


0.07 

1.02 

0.21 

1.30 

i°Ca 


0.03 

1.05 

0.21 

1.29 

fFe 


0.01 

1.12 

0.21 

1.35 

iw 

6 

O 

1 

CO 

1.16 

0.22 

1.38 

i^^La 

6 

O 

1 

CO 

1.14 

0.18 

1.33 

208pb 

1 

■ 10-^ 

1.21 

0.19 

1.40 


serve that the mesonic rate rapidly vanishes by increasing the nuclear mass number 
A. This is well known and it is related to the decreasing phase space allowed for the 
mesonic channel, and to smaller overlaps between the A wave function and the nuclear 
surface, as A increases. In Fig. the results of Refs. ||166| , |191|| for Tm (thick solid line) 
are compared with the ones of Nieves-Oset ||108|| (dashed line) and Motoba-Itonaga- 


Bandb ||109| , |110| (solid line), which were obtained within a shell model framework. 
Also the central values of the available experimental data PD|, |95| , are shown. Al¬ 
though the wave function method (WFM) is more reliable than the LDA for the eval¬ 
uation of the mesonic rates (because of the small energies involved in the decay, which 
amplify the effects of the nuclear shell structure), we see that this LDA calculation 
agrees with the WFM ones (apart from the case of f^®Pb) and with the data. In partic¬ 
ular, the results for and ^®Si are in agreement with the recent KEK measurement 
Fm(a C)/F)("" = 0.31 ± 0.07, F^-(|®Si)/F(("" = 0.047 ± 0.008. The results for 


174 


A°Ca, A^Fe and a^Y are in agreement with the old emulsion data (quoted in Ref. [Ill]), 
which indicates F^-/Fnm ~ (0.5-i-1) ■ 10“^ in the region 40 < A < 100. Moreover, the 
recent KEK experiments ||174|| obtained the limit: F^r-(A^Fe)/FA®® < 0.015. It is worth 
noticing, in hgure |T^, the rather pronounced oscillations of Fm in the calculation of 
Refs. ||109| , |110|| , which are caused by shell effects. 

Coming back to table 12, we note that, with the exception of ^He, the two-body 


induced decay is rather independent of the hypernuclear dimension and it is about 
15% of the total width. Previous works ||164| , |165f| gave more emphasis to this new 
channel, without, however, reproducing the experimental non-mesonic rates. The 
total width does not change much with A, as it is also shown by the experiment. 


In Fig. |Tj the results of table |T^ are compared with recent (after 1990) experimen- 

ill. 


tal data for Fnm and Ft 


while in hgure O the same comparison 


concerns the total A lifetime r = h/Tnp. The theoretical results are in good agreement 
with the data over the whole hypernuclear mass range explored. The saturation of 
the AN NN interaction in nuclei is well reproduced. 


5.7 Results of the microscopic calculation 

The results presented in this subsection have been obtained by applying the formalism 


developed in subsections |5.4| and |5.5| for nuclear matter. Although, in principle, one 
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Figure 13: Mesonic width as a function of the nuclear mass number A. The results 
of Ref. ||166| , |191(] (thick solid line) are compared with the calculations of Nieves- 
(dashed line) and Motoba-Itonaga-Bandd [[109| , |llCl| (solid line). Available 
are also shown. See text for details on data. 
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Figure 14: Partial A decay widths in finite nuclei as a function of the nuclear 
number A. Experimental data are taken from Refs. pT|, p0|, p8|, p9 
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Figure 15: Total A lifetime in finite nuclei as a function of the nuclear mass number 
A. Experimental data are taken from Refs, [p] ,|4^,|^,|^, 
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Table 13: Average Fermi momenta for three representative mass regions. The exper¬ 
imental data are in units of the free A decay rate (taken from Ref. ||167||). 



r^M (kp) (fm ^) 

Medium-Light: 

Medium : |®Si - |®Fe 
Heavy: ^°®Bi - 

0.94^1.07 SD 
1.20^-1.30 = 
1.45^ 1.70 41 

98 

9 

42 

1.08 

~ 1.2 

1.36 


could extend this calculation to hnite nuclei through the local density approximation, 
as in previous subsection, in practice this would require prohibitive computing times. 
Indeed the latter are already quite conspicuous for the evaluation of the diagrams of 
Fig. 1^ at fixed Fermi momentum. Hence, in order to compare the results with the 
experimental data in hnite nuclei, different Fermi momenta, hxed on the following 
basis, have been employed in the calculation for nuclear matter. First we remind 
the reader that in LDA the local Fermi momentum kf(r) is related to the nuclear 


density (^51) by equation (O)- For the present purpose, the average, hxed Fermi 
momentum can be obtained by weighting each local kp with the probability density 
of the hyperon in the considered nucleus: 


(^f)a — 


dfkp{f)\tliA(f)f 


(46) 


In Ref. |p.6(j|| has been calculated from a A-nucleus Wood-Saxon potential with 

thickness a = 0.6 fm and with radius and depth which reproduce the measured s and 
p A-levels. 

It is possible to classify the hypernuclei, for which experimental data on the non- 
mesonic decay rate are available, into three mass regions (medium-light: A ~ 10; 
medium: A ~ 30 -h 60; and heavy hypernuclei: A > 200), as shown in table The 
experimental bands include values of the non-mesonic widths which are compatible 
with the quoted experiments. For medium and heavy hypernuclei the available ex¬ 
perimental data actually refer to the total decay rate. However, from experiments 
and various estimates it turns out that the mesonic width for medium hypernuclei 
is at most 5% of the total width and rapidly decreases as A increases. Therefore, 
because of the low precision of the data, one can safely approximate F^^ with F^^ 
for medium and heavy systems. In the third column of table we report the av¬ 
erage Fermi momenta obtained with Eq. (^^. In the calculations we discuss in the 
following we have then used the following average Fermi momenta: kp = 1.1 fm“^ for 
medium-light, kp = 1.2 fm“^ for medium and kp = 1.36 fm“^ for heavy hypernuclei. 

In addition to {kp), other parameters enter into the microscopic calculation of 
hypernuclear decay widths, which are specihcally related to the baryon-meson vertices 
and to the short range correlations. In Ref. ||167|| , with the exception of the Landau 
parameters g' and the values of these parameters have not been left free: rather, 
they have been kept hxed on the basis of the existing phenomenology (for example in 
the analysis of quasi-elastic electron-nucleus scattering, spin-isospin nuclear response 


functions, etc). For the complete list of these quantities we refer to Ref. ||167 


An important ingredient in the calculation of the A decay rates is the short range 
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part of the NN and AN strong interactions: in fact, the momenta involved in the 
non-mesonic processes are very large. These short range correlations can be parame¬ 
terized with the functions reported in appendix The zero energy and momentum 
limits of these correlations, g' and g'j^, are considered as free parameters. We remind 
once again the reader that no experimental constraint is available on g'j^, while in 
the framework of ring approximation (namely by neglecting the 2p-2h states in the 
A self-energy), realistic values of g' lie in the range 0.6 -i- 0.7 |p.79|| . However, in 
the present context, g' enters into the one-boson-loop contributions; moreover, in 
some diagrams [for instance (f) and (g) of Fig. two consecutive g' are “connected” 
to the same fermionic line, introducing a sort of double counting, which imposes a 
renormalization of g'. In the picture of hgures ^ and the A self-energy acquires 
an energy and momentum behaviour which cannot be explained and simulated on 
the basis of the simple ring approximation. Therefore, the physical meaning of the 
Landau parameters is different in the present scheme with respect to the customary 
phenomenology. Hence in Ref. ||167|| g' has been used as free parameter, to be hxed 
in order to reproduce the experimental hypernuclear decay rates. 

In hgure |T^ we report the real and imaginary parts of the spin-longitudinal (L) 
and spin-transverse (T) polarization propagators in one-boson-Ioop approximation 
UL,T{go,^ {Ul,t = Ui + which are needed in Eq. (|^), as a function of go, 

q being related to Qq by the constraint of Eq. (|^, go = — q) — V^. The 

Landau parameter g' has been hxed to 0.7 and the Fermi momentum to kp = 1.36 
fm“^. In (a) and (b) we show real and imaginary parts of Ui = (dashed 

lines) and Ui + (solid lines), respectively. The former is the sum of the p-h 

and A-h Lindhard functions of Fig. Ha), the latter has been calculated by adding 
the OBL diagrams [l0|(b)-|T^(f). For reasons related to the technique employed in the 
numerical evaluation of the Feynman diagrams, it is not possible to separate, in the 
OBL contributions, the imaginary parts which arise from placing on shell p-h and 2p- 
2h excitations. In (c) and (d), the above quantities are plotted for the spin-transverse 
channel. 

As discussed in the previous subsection, for hxed g' the non-mesonic width (the 
total width in nuclear matter, where Fm = 0) has a minimum as a function of g'^, 
which is almost independent of the value of g' (see hgure [^). This characteristic 
does not depend on the set of diagrams taken into account in the calculation, but it 
is simply due to the interplay between the longitudinal and transverse parts of the 
F-wave AN —>• NN potential [Pp and Pp functions of Eqs. (p^, (^)]. Thus, also in 
the microscopic calculation the minimum of Fnm is obtained for g'j^ ~ 0.4. 

Fixing g'^ = 0.4, in ring approximation one can reproduce the experimental decay 
rates by using g' values which are compatible with the existing literature. In hgure 
we show, as a function of g' (for g'^ = 0.4), the calculated non-mesonic decay widths 
(in units of the free A width) for the three mass regions of table ^ The thick solid 
curves refer to the one-boson-loop approximation of Eq. (^4[ ) and Fig. while the 
dot-dashed curves are obtained through a RPA iteration of both the particle-hole 
and the one-boson-loop diagrams, namely by using Eq. (0). However, we remind 
the reader that only the former approximation has a theoretically founded basis, in 
line with the semiclassical scheme introduced in subsection 15.51; moreover, this “incon¬ 


sistent” RPA calculation has the tendency to overestimate, in the acceptable range of 
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Figure 16: Polarization propagators in one-boson-loop approximation Ul,t{Qo, ^ 
{Ul,t = Ul + of Fig. 1^ and Eq. (H) as a function of Qq, with Qq = 

fco — E]^{k — q) — Vat. In the hgure g' = 0.7 and kp = 1.36 fm“^. 
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Figure 17: Dependence of the non-mesonic width on the Landau parameter g', for 
= 0.4. The three plots correspond to the classihcation of table |l^. The thick solid 
curves refer to the one-boson-loop approximation of Eq. 


|), the dot-dashed ones 
to the RPA calculation of Eq. (|I^) and the dashed ones to the ring approximation. 
The experimental bands of table 0 he in between the horizontal solid lines (taken 
from Ref. ||167|| ). 
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Table 14: g' values compatible with the experiments (taken from Ref. 



OBL ring 

kp = 1.1 fm”^ 
kp = 1.2 fm“^ 
kp = 1.36 fm“^ 

> 0.75 0.45^-0.65 

0.75^0.90 0.55^0.65 
0.70^ 1.00 0.65^0.75 


g' values, the experimental non-mesonic widths. The dashed lines represent the pure 
ring approximation. The calculated widths are compatible with the experimental 


bands for the g' values reported in table 0. As we have already noticed, the intervals 
corresponding to the ring calculation are in agreement with the phenomenology of 
other processes, like the (e, e') quasi-elastic scattering. However, only the full calcu¬ 
lation (column OBL) allows for a good description (keeping the same g' value) of the 
rates in the whole range of kp considered here. In Fig. we see the dependence of 
the non-mesonic widths on the Fermi momentum. The solid lines correspond to the 
one-loop approximation, with g' = 0.7, 0.8, 0.9 from the top to the bottom, while the 
dashed lines refer to the ring approximation, with g' = 0.5, 0.6, 0.7, again from the 
top to the bottom. We can then conclude that for the one-loop calculation the best 
choice for the Landau parameters is the following: 

g' = 0.8, g'^ = 0.4. 


This parameterization turns out to be the same that was employed in subsection O . 
However, we must point out that in the other calculation the 2p-2h contributions 
in the A self-energy have been evaluated by using a phenomenological parameteriza¬ 
tion of the pion-nucleus optical potential. Here we are considering a microscopical 
evaluation of all the relevant diagrams which contribute at the one-boson-loop level: 
it is evident that the role played by the Landau parameters is different in the two 
approaches. 

In order to compare the results of the phenomenological and the microscopical 
approaches, it is appropriate to consider the former as obtained with constant density 
rather than in LDA. In table we show the comparison between the one-boson- 
loop approximation (column OBL) and the phenomenological model (column PM) of 
paragraph f).4.3| at fixed kp. Both calculations have been carried out with g' = 0.8 
and g'j^^ = 0.4, and reproduce with the same accuracy the data. For technical reasons, 
the OBL calculation does not allow to precisely identify the partial rates Fi and F 2 
which contribute to the total Fnm = Bi -|- F 2 . In fact, one cannot separate in the 
imaginary parts of the diagrams (b)-(f) of Fig. |^the contributions coming from cuts 
on p-h and 2p-2h states, and hence the partial width (F 2 ) stemming from the two- 
nucleon induced decay. The values listed in the table for F®®'" have been obtained 
from the total imaginary part of the diagrams pi]|(b)-pi]|(f) [namely from the last two 
terms in the right hand side of Eq. (^41)]. In this approximation, F)^®^ = Fj-ing [second, 
third and fourth terms in the right hand side of Eq. (^4|)]. As a matter of fact, one 
would expect that F 2 increases with kp (and this is the case for the PM calculation), 
but the OBL results do not follow this statement. From table ^ and from the study 
of the ^f'-dependence of which has not been discussed here, the only reasonable 
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Figure 18: Dependence of the non-mesonic width on the Fermi momentum of nuclear 
matter. The solid curves refer to the one-boson-loop approximation (with g' = 
0.7, 0.8, 0.9 from the top to the bottom), while the dashed lines refer to the ring 
approximation {g' = 0.5, 0.6, 0.7). The experimental data are also shown (taken from 


Ref. P7| ). 


Table 15: Comparison between the one-boson-loop approximation (column OBL) and 
the phenomenological model (column PM) of paragraph b.4.3| for g' = 0.8, g'^^ = 0.4. 


The decay rates are in units of the free A width (taken from Ref. ||167 



kp = 

1.1 fm ^ 

kp = 

1.2 fm-i 

kp = 

1.36 fm ^ 


OBL 

PM 

OBL 

PM 

OBL 

PM 

hi 

0.82 

0.81 

1.02 

1.00 

1.36 

1.33 

ha 

0.22 

0.13 

0.26 

0.18 

0.19 

0.26 

Fnm 

1.04 

0.94 

1.28 

1.19 

1.55 

1.59 

pexp 

NM 

0.94 

^ 1.07 

1.20 

1.30 

1.45^-1.70 
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Table 16: Comparison between the phenomenological model for hnite nuclei (column 
LDA) and at hxed kp (column PM). The decay rates are in units of the free A width 
and for g' = 0.8, g'l^ = 0.4. 



kp = 

LDA 

1.1 fm ^ 
PM 

kp = 1.2 fm ^ 
LDA PM 

kp = 

LDA 

1.36 fm ^ 
PM 

Ti 

0.82 

0.81 

1.02^ 1.12 

1.00 

1.21 

1.33 

Ta 

0.16 

0.13 

0.21 

0.18 

0.19 

0.26 

Tnm 

0.98 

0.94 

1.23^-1.33 

1.19 

1.40 

1.59 

pexp 

NM 

0.94 

^ 1.07 

1.20^ 1.30 

1.45^-1.70 


conclusion we can draw on the two-body induced processes in OBL approximation is 
that for 1.1 fm“^ ^ < 1-36 fm“^ and g' ~ 0.8, r 2 /r)(®® = 0.1 0.3, in agreement 

with the results of table |T^ obtained for hnite nuclei with the phenomenological model 
in LDA. 


We conclude by noticing that the PM results at hxed kp oi table |T^ are consistent, 
when we follow the mass classihcation of table |^, with the ones for hnite nuclei 
obtained with the same model in LDA and presented in subsection (see table pT]) . 
There is only some disagreement (at the level of 12% on Pnm) for kp = 1.36 fm“^. 
This comparison provides an indication of the reliability in using hxed Fermi momenta 
to simulate the A decay in hnite nuclei. 
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The Tn/Tp puzzle 


6.1 Introduction 

The most relevant open problem in the stndy of the weak hypernnclear decay is to 
nnderstand, theoretically, the large experimental valnes of the ratio r^/Tp. Actnally, 
the large experimental nncertainties involved in the extraction of the ratio do not al¬ 
low to reach any dehnitive conclnsion. The data are qnite limited and not precise dne 
to the difficnlty of detecting the prodncts of the non-mesonic decays, especially the 
nentrons. Moreover, np to now it has not been possible to distingnish between nncle- 
ons prodnced by the one-body indnced and the (non-negligible) two-body indnced 
decay mechanism. 

The Polarization Propagator Method nsed to obtain the resnlts discnssed in snb- 
sections and does not distingnish between nentron- and proton-indnced pro¬ 
cesses, bnt makes an “average” over these reactions. However, within a KN NN 
OPE model, a simple connting of the isospin factors in the diagrams contribnting to 
the non-mesonic width at lowest order (low density limit) and for a A at rest, gives 
PH Pn/Pp — N/ (14 Z) for A^, Z < 10 [N and Z are the nnmber of nentrons and pro¬ 
tons of the hypernnclens, respectively) when only the (dominating) parity-conserving 
part of the KttN vertex is taken into acconnt. For heavier systems, a nearly constant 
ratio (~ 1/14) is expected, as a resnlt of the satnration of the An —>■ nn and Ap —>■ np 
interactions. The inclnsion of the AttN parity-violating term tends to increase the 
OPE ratio ||125|| . As we have seen in section 0, more rehned calcnlations in OPE agree 


with the previons naive expectation, with valnes in the interval: 


rrp. 


OPE 


~ 0.05^-0.20, 


(47) 


for all the considered systems. The small OPE ratios are dne to the AJ = 1/2 
rnle, which Exes the vertex ratio lATr-p/hATrOn = —(both in S'- and P-wave in¬ 
teractions), and to the particnlar form of the OPE potential, which has a strong 
tensor and weak central and parity-violating components: the large tensor transition 
ANi^Si) —>■ NNi^Di) reqnires, in fact, J = 0 np pairs in the anti-symmetric hnal 
state. In p-shell and heavier hypernnclei the relative AN L = 1 state is fonnd to give 
only a small contribntion to tensor transitions for the nentron-indnced decay, so it 
cannot improve the ratio (|47|). The contribntion of the AN L = 1 relative state to 


En + Pp seems to be of abont 5 -=- 15% in p-shell hypernnclei ||116H118|| . For these 


systems we expect the dominance of the S'-wave interaction in the initial state, dne 
to the small AN relative momentnm. 

By nsing again a simple argnment abont the isospin strnctnre of the AN NN 
interaction in OPE, it is possible to estimate that for pnre AJ = 3/2 transitions 
(for which VATr-p/pATrOn = 1/v^) fhs OPE ratio is increased by a factor ~ 2.5 with 
respect to the valne obtained for pnre AJ = 1/2 transitions. On the other hand, 
the OPE model with AJ = 1/2 conplings has been able to reprodnce the one-body 
stimnlated non-mesonic rates Pi = P^ -l- Pp for s- and p-shell hypernnclei ||117| - [121[ 


Hence, the problem rather consists in overestimating the proton-indnced rate and 
nnderestimating the nentron-indnced one. 
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Other ingredients beyond the OPE might be responsible for the large experimental 
ratios. A few calculations with AN NN transition potentials including heavy- 
meson-exchange or direct quark contributions have improved the situation, without 
providing, nevertheless, a satisfactory theoretical explanation of the puzzle: very 
recent evaluations showed the importance of both iP-meson-exchange ||118| , |125| , p.31| 
and direct quark mechanism ||131|] to obtain larger ratios. The tensor component 


of A'-exchange has opposite sign with respect to the one for vr-exchange, resulting 
in a reduction of Pp. The parity violating AN{^Si) —>■ NN{^Pi) transition, which 
contributes to both the n- and p-induced processes, is considerably enhanced by 
A-exchange and direct quark mechanism and tends to increase Pn/Pp ||118|,|131| . 


In table we summarize the calculations that predicted ratios considerably en¬ 
hanced with respect to the OPE values. Experimental data are given for comparison. 
Almost all calculations reproduce the observed non-mesonic widths P„ -|- Pp, as 


Table 17: Pn/Pp ratio. 


Ref. and Model 

iHe 

12^ 

A 

Nuclear Matter 

Itonaga et al. 1998 |117| 

(tt -|- 27r/p -|- 27r/a) 


0.36 


Sasaki et al. 2000 |131| 
(tt + K+ DQ) 


0.701 


0.716 

Jun et al. 2001 [|^ 
(OPE + 4BPI) 

1.30 

1.14 


Jido et al. 2001 ||125|| 

{tt + K + 271 + uj) 


0.53 


Parreno-Ramos 2001 |118| 

{tv + p + K + K* + uj + T]) 

0.343 ^ 0.457 

0.288^0.341 


Exp 1974 

135 



0.59 ±0.15 


Exp BNL 1991 go 


0.93 ±0.55 

1 oq + l-i:^ 

-‘-•'^^-0.81 


Exp KEK 1995 

98 





Exp KEK 1995 

17c 


1.97 ±0.67 



Exp KEK 2001 

177|,] 

78 



1 1 7+U-^^ 

^ -0.20 

56pp. 2 


one can see in table |^: only Parreho and Ramos tends to underestimate the data 
for whereas Sasaki et al. overestimate the most accurate experiments for very 

heavy hypernuclei. Itonaga et al. predict a too small Pn/Pp- The results of Sasaki et 
al. for Pn/Pp and Pn + Pp in ^He are compatible with data, but for nuclear matter 
the authors underestimate Pn/Pp and overestimate Pn + Pp. The phenomenological 
£t of Jun et al. reproduces Pn/Pp and Pn + Pp for ^He and However, the values of 
some of the coupling constants of their 4-baryon point interaction, which are required 
to £t the data, are questionable. Jido et al. give a ratio for compatible with the 
lower limits of the data. Finally, Parreno and Ramos obtain a ratio compatible with 
the lower limits of the data for ^He but they underestimate the experiments for 
Clearly, a variety of situations, sometimes contradictory, which give a flavour of the 
difficulties inherent to Pn/Pp. 
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Table 18: Non-mesonic width r„ + Tp (in units of 


Ref. and Model 

iHe 

12^ 

A 

Nuclear Matter 

Itonaga et al. 1998 |117| 

(vr -|- 2tt/ p + 21 : jo) 


1.05 


Sasaki et al. 2000 |131| 

{71 + K+ DQ) 

0.519 


2.456 

Jun et al. 2001 |132| 
(OPE + 4BPI) 


0.426 

1.174 


Jido et al. 2001 ||125|| 

(vr -|- iP -1- 27r -|- a;) 


0.769 


Parreho-Ramos 2001 1|118|| 
{ti + p + K + K* + uj + p) 

0.317^0.425 

0.554^0.726 


Exp BNL 1991 

gqi 

0.41 ±0.14 

1.14 ±0.20 


Exp CERN 1993 





p+Bi: 1.46t;:g 
p+U: 2.02^;:g 

Exp KEK 1995 

^8 



0.89 ±0.18 


Exp KEK 1995 

173 


0.50 ±0.07 



Exp COSY 1998 





p±Bi; 1.63l^;i^ 

Exp KEK 2000 0,|TI] 


0.83 ±0.11 

^'^Fe: 1.22 ±0.08 

Exp COSY 2001 

|138 

1 



p±Au: 2.02;^'^^ 

Exp COSY 2001 

139 

1 



p±u: i.9i+;5:^« 


6.2 Two—body induced decay and nucleon final state inter¬ 

actions 

The analysis of the ratio T^/Tp is influenced by the two-nucleon induced process 
ANN —>■ NNN, whose experimental identification is rather difficult and it is a chal¬ 
lenge for the future. By assuming that the meson produced in the weak vertex is 
mainly absorbed by an isoscalar NN correlated pair (quasi-deuteron approximation), 
the three-body process turns out to be Anp —>■ nnp, so that a considerable fraction of 
the measured neutrons could come from this channel and not only from An —>■ nn and 
Ap np. In this way it might be possible to explain the large experimental T^/Tp ra¬ 
tios, which originally have been analyzed without taking into account the two-body 
stimulated process. Nevertheless, the situation is far from being clear and simple, 
both from the theoretical and experimental viewpoints. The new non-mesonic mode 
was introduced in Ref. ||164|| and its calculation was improved in Ref. ||165|| , where the 


authors found that the inclusion of the new channel would bring to extract from the 
experiment even larger values for the T^/Tp ratios, thus worsening the disagreement 
with the theoretical estimates. However, in the hypothesis that only two out of the 
three nucleons coming from the three-body decay are detected, the reanalysis of the 
experimental data would lead back to smaller ratios |p.l4| 
plausible for the following reason. 


The above hypothesis is 
The two-body induced decay mode takes place 
when the pion emitted by the A vertex is not too far from being on its renormalized 


















































































mass-shell (on the contrary, the particle-hole region of the in-medium pion excitation 
spectrum, which contributes to the one-body induced decay, would be quite far from 
the pionic branch in the medium). It occurs that the pionic branch (which is a delta 
function on the energy-momentum dispersion relation in free space) is renormalized 
in the medium and has a width associated to its capability in exciting 2p-2h states. 
Part of this strength overcomes the Pauli blocking, giving rise to the two-body in¬ 
duced decay. As a consequence of the emission of an “almost on-shell” pion, the 
nucleon coming out from the A vertex will have a small kinetic energy (T/v — 5 MeV 
for a rigorously on-shell pion) and hence will be, most probably, below the experi¬ 
mental detection threshold, which was around 30-i-40 MeV in the experiments quoted 
in table lA. 

These observations show that Pn/Pp is sensitive to the detection threshold and to 
the detailed kinematics of the process. For instance, the calculated energy spectra 
of the emitted nucleons clearly display the above statement about the slow nucleon 
emitted in the weak vertex |p.92|] ; their calculation also requires a careful treatment 
of the nucleon hnal state interactions. In Ref. [p.92|| the nucleon energy distribu¬ 
tions have been calculated by using a Monte Carlo simulation to describe nucleon’s 
rescattering inside the nucleus: the ratio Pn/Pp has been taken as a free parameter 
and extracted by comparing the simulated spectra with the experimental data. The 
momentum distributions of the primary nucleons were determined within the polar¬ 
ization propagator scheme discussed in subsection |^ . In their way out of the nucleus, 
the nucleons, due to the collisions with other nucleons, continuously change energy, 
direction, charge, and secondary nucleons are emitted as well. Then, the energy dis¬ 
tribution of the observable nucleons, which also loose their energy by the interactions 
with the experimental set-up, is different from the one at the level of the primary 
nucleons. The shape of the proton spectrum obtained in Ref. [fl! 
the ratio P„/Pp. The protons from the three-nucleon mechanism ANN 
appear mainly at low energies, while, for those from the one-nucleon stimulated 
process peak around 75 MeV. Since the experimental spectra show a fair amount 
of protons in the low energy region, they would favour a relatively larger two-body 
induced decay rate and/or a reduced number of protons from the one-body induced 

found that the 


is sensitive to 
NNN 


process. 


Consequently, for r 2 = 0.27 the authors of Ref. 


192 


experimental spectra of Refs. |90, 135 | were compatible with values of T^/Tp around 
3 for in strong contradiction with the theoretical predictions. However, by using 
available data on the total number of emitted neutrons and protons, the same calcu¬ 
lation shows that the experimental error bars on T^/Tp are increased by the inclusion 
of the three-body channel, leading to values which, within one standard deviation, 
can be even compatible with the OPE values. In Ref. | 192 | it was also pointed out 
the convenience of measuring the number of outgoing protons per decay event. This 
observable, which can be measured from delayed hssion events in the decay of heavy 
hypernuclei, gives a more reliable neutron to proton ratio and it is less sensitive to 
the details of the intra-nuclear cascade calculation determining the hnal shape of the 
spectra. 

The excellent agreement of the calculations discussed in subsection for the 
experimental total non-mesonic decay rates made it worth to explore again the pre¬ 
dictions for the nucleon spectra [[166|| . The question is whether the model used in b-6| 
affects the momentum distribution of the primary emitted nucleons strongly enough 
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Figure 19: Proton spectrum from the decay of for different values of Pn/Pp. The 


experimental data are from Ref. (taken from Ref. ||16(: 


to obtain good agreement with the experimental proton spectra without requiring 
very large values for P„/Pp. The nucleon spectra from the decay of several hypernu¬ 
clei have been thus generated by using the Monte Carlo simulation of Ref. ||192|| . The 
spectra obtained for various values of Pn/Pp, used again as a free parameter, are com¬ 
pared in Fig. |l^ (Fig. |^) with the data from the BNL experiment of Ref. (from 
Ref. ||135|| ). We remark that, although the total non-mesonic widths are smaller 
than those of Ref. ||192|| by about 35%, the resulting nucleon spectra, once they are 
normalized to the same non-mesonic rate, are practically identical. The reason is 
that the ratio F 2 /F 1 of two-body induced versus one-body induced decay rates is 
essentially the same in both models (between 0.2 and 0.15 from medium to heavy 
hypernuclei), and the momentum distributions for the primary emitted protons are 
also very similar. As a consequence, the conclusions drawn in Ref. [|192|] still hold 
and the new calculation also favours very large values of F„/Fp when compared with 
experimental spectra. 

On the basis of the above considerations, the origin of the discrepancy between 
theory and experiment for F„/Fp is far from being resolved. On the theoretical side, 
there is still room for improving the numerical simulation of the nuclear final state 
interactions: Coulomb distortion, multiple scattering and the evaporating process 
should be incorporated in the calculation. In particular, multiple scattering and the 
evaporating process are important ingredients, which increase the nucleon spectra at 
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Figure 20: Proton spectrum from the decay of for different values of r^/Pp. The 
experimental data are taken from Ref. ||135| . 









low energies. On the experimental side, although more recent spectra are available 


p8t|193|| , they have not been corrected for the energy losses inside the target and 


detector as well as for the geometry of the detector, so a direct comparison with 
theoretical predictions is not possible. 

Attempts to incorporate these corrections by combining a theoretical model for 
the nucleon rescattering in the nucleus with a simulation of the interactions in the 
experimental set-up have been done at KEK |p.77] , [I78| , |194|| . The results reported in 
Refs. ||177| , p.78|| show that T^/Tp increases with the hypernucleus mass number, with 
values in the range 1-7 3 for ^®Si and |®Fe. In the next paragraph we shall discuss 
in detail these recent results. 

A decisive forward step towards a clean extraction of r^/Tp would be obtained 
if the nucleons from the different non-mesonic processes, AN NN and ANN —>■ 
NNN, were disentangled. Through the measurement of coincidence spectra and an¬ 
gular correlations of the outgoing nucleons, it could be possible, in the near future, to 
split the non-mesonic decay width into its two components Ti and r 2 |p^,|136|,|T% 


and obtain a more precise and direct measurement of T^/Tp. We shall discuss this 
important point more extensively in paragraph |6.2.3| . By using a simple argument 
about the detection efficiency in coincidence measurements, the authors of Ref. |p.3ti| 
evaluated the influence of the hnal state interactions and of the two-body induced 
process on Tnm to be of (15 ± 15)% for s-shell hypernuclei. According to the calcula¬ 
tion reported in table O, for ^He the effect of the two-body stimulated decay alone 
is Ta/TNM = 13%. 


6.2.1 Recent experimental spectra 

Very recently, at KEK-E307 ||177| , p.78|| , the proton spectra for ^®Si and ^®Fe have 
been measured and compared with theoretical simulations of the intra-nuclear cas¬ 
cades after the weak processes, obtained with the MC code of Ref. |p.92|| . Corrections 
for the detector geometry and the nucleonic interactions inside the target and detec¬ 
tor materials have also been implemented, through a GEANT MC code. The proton 
energy spectra have been measured by means of a coincidence counter system iden¬ 
tifying the hypernuclear production instant time through the detection of the kaon 
emitted in the K^)A production reaction. In hgure ^ the spectra obtained for 

](^C and ^®Si are shown. The vertical axes are normalized to the number of protons 
per hypernuclear decay. 

The results of KEK-E307 supply a T^/Tp ratio, again estimated by htting the 
proton spectra, which increases with the mass number ||177|,|173|]: 
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the last one being preliminary. Because of the non-zero experimental energy threshold 
for proton detection, the obtained hts for T^/Tp turn out to be slightly sensitive 
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Proton Energy Spectra from A hypernuclear weak decay 



Figure 21: Proton energy spectra measured at KEK-E307 (taken from Ref. 
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to the two-body induced process, although this mechanism gives a non-negligible 
contribution to the non-mesonic rate: for and ^®Si, the central values of r^/Fp are 
reduced by about 16% when the two-body induced process is taken into account, with 
results anyhow compatible within the error bars in both descriptions ||177|| . The hts 
including the two-nucleon stimulated decay have been performed by using r 2 /(ri + 
r 2 ) — 0.3 as input. This small effect of the two-nucleon stimulated decay is principally 
due to the rather large value of the proton energy detection threshold — 40 MeV) 
with respect to the average energy of the protons from the process ANN NNN. 
The results reported in Eq. (^) and hgure ^ refer to the analysis in which only 
the one-nucleon induced process is taken into account. The hts which included the 
two-nucleon induced processes lead to: r„/rp(\^C) = 0.96lo;23 rn/rp( 4 ^Si) = 
1 . 18 ]'^ 03 ^. At the present level of precision, the observation of signals from the two- 
body induced decay is thus impossible. However, the degree of accuracy of the new 
KEK measurements allowed to signihcantly improve the error bars with respect to 
the previous experiments (see data listed in table ^): this leads to exclude neutron 
to proton ratios smaller than 0.73 (0.50) at the la (2a) level for in the analysis 
including the two-nucleon induced process. 

We want to make the following remark on the mass dependence of the KEK-E307 
results. The ratio T^/Tp sizeably increases in going from ^®Si ||177|| to ^®Fe [|178|| (we 
remind the reader that the data for iron are only preliminary). This is in disagreement 
with the well known behaviour of the AN NN interaction in nuclei, namely its 
saturation for large mass numbers. In fact, should we estimate, as in paragraph |5. 6 . 2| , 
the mesonic rate for ^®Si and ^®Fe to be 0.07 and 0.01, respectively (here and in the 
following the decay rates are in units of T^®®) and use the total decay rates measured 
in the same experiments [^, then for the central values of the non-mesonic decay 
width we would obtain: FNM(A®Si) = rNM(A^Fe) = 1.21. This value, together with 
the ratios of Eq. (^ 8 [), provides: r„(^®Si) = 0.70, Tp^^Si) = 0.51, r„(^®Fe) = 0.87 and 
Tpd^Fe) = 0.34. As a consequence, T^ and Tp do not follow the saturation behaviour 
(the contrary occurs for the observed total rate Tnm = T^ + Tp), which predicts n- 
and p-stimulated rates increasing with N and Z, respectively, and saturating for 
N, Z 10: r^/Tp ~ r^'^YTp®'* for N, Z > 10. Since one also expects a saturation for 
the neutron- and proton-induced decay rates separately, this result could represent 
a signal of a systematic error in the experimental analysis employed to extract the 
Tn/Tp ratios. 


6.2.2 Possible improvements 


As discussed above, the F^/Tp ratios of Eq. (^ 8 ]), extracted from the recently measured 
proton spectra, conhrm the results of previous experiments: the neutron- and proton- 
induced decay rates are of the same order of magnitude over a large hypernuclear mass 
number range. However, since the new experiments have signihcantly improved the 
quality of the data, small values of F„/Fp (say smaller than 0.7 for ^C) are now 
excluded with good precision. 

After having inspected both the experimental procedures and the theoretical mod¬ 
els until now developed to determine the ratio, we want to summarize here some 
interesting features which could bring to future perspectives: 

1) The proton spectra originating from neutron- and proton-induced processes 
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(and, eventually, from two-nucleon stimulated decays) are added incoherently 
in the Monte Carlo intra-nuclear cascade calculations used to determine r^/Fp. 
In this way a possible quantum-mechanical interference effect between the two 
channels is lost. Therefore, in an experiment like KEK-E307, in which only 
charged particles are detected, one cannot go back up to the decay mechanism 
which produced an observed proton. The conclusion of paragraph |6.2.1 about 
a possible systematic error in the experimental analyses of T^/Tp could then 
be due to the incorrect procedure of summing incoherently, i.e. in a classical 
picture, the proton spectra from the An —> nn and Ap —np processes. 


2) The experimental spectra of hgure ^ do not exhibit a peak around the energy 
(~ 75 MeV) which corresponds to the kinematical situation of back-to-back 
nucleon pairs coming from one-nucleon induced decays. The shape of the spec¬ 
tra just above the 30 MeV detection threshold are quite flat, or even decreasing 
for increasing energy, and are not well htted by the simulations used to extract 
r^/Tp. This is in principle due to different, hardly distinguishable, effects: 1) 
the nucleon energy losses in the nucleus, 2) the nucleon energy losses in the tar¬ 
get and detector materials, and 3) the relevance of the two-nucleon stimulated 
non-mesonic decay. Because of the present level of experimental accuracy, an 
analysis which takes into account the two-nucleon induced decay alone cannot 
improve the comparison between experiment and theory. It would then be ad¬ 
visable to explore the effects of robust nucleon hnal state interactions on the 
simulations used to determine the ratio from the experimental spectra. 


3) The direct observation of the three-body emission events is quite difficult and 


up to now no signal has been found. The calculated nucleon spectra ||192|| for 
this channel present a maximum at energies below the detection threshold, and 
only a fraction (about 40% for T^/Tp = 1 and Exh = 40 MeV) of nucleons 
from three-body emission can be detected. Moreover, for E > Exh the nucleon 
distribution from one-body induced processes superimposes to the previous one. 
The spectrum simulated for the two-nucleon emission dominates and, for jfC, 
peaks at an energy (~ 75 MeV) that corresponds to the situation in which 
the two nucleons come out back-to-back. This observation shows that the 
separation of the nucleons from the two non-mesonic channels is only possible 
by angular correlation measurements. In Ref. ||13ti|] the authors studied how 
the back-to-back kinematics is able to select the one-nucleon induced process, 
and NN coincidence measurements (of energies and angular distributions) are 
expected in the near future at Da<I>ne [Q, KEK ||195|| and BNL ||196|| . 


4) 


In order to disentangle the two-nucleon induced decay events from the one- 
nucleon induced ones, the direct observation of the outgoing neutrons is thus 
needed. Neutron spectra can be measured down to about 10 MeV kinetic energy, 
since they are less affected than the proton ones by energy losses in the target 
and detector materials. The joint observation of proton and neutron spectra 
could then help to disentangle the set-up material effects from the nucleon hnal 
state interactions occurring inside the residual nucleus. A very recent exper¬ 
iment, KEK-E369, measured neutron spectra from and non-mesonic 
decays ||197||. A preliminary analysis of data is consistent with a ratio in the 
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range 0.5 -h 1 for \^C, obtained through a new intra-nuclear calculation. The 
newly developed Monte Carlo code with the same range of T^/Tp values also 
seems to be able to reproduce the proton spectrum observed at KEK-E307. 
These analyses have been performed by neglecting the contribution of the two- 
nucleon induced decay. 


5) In our opinion, the key point to avoid the possible dehciencies of the single nu¬ 
cleon spectra measurements discussed in point 1), will be to employ coincidence 
detections of the hnal nucleons. Only such a procedure leads to a direct and 
unambiguous determination of T^/Tp. 




an 


In the experiment KEK-E462 

angular and energy correlation measurement will study the decay of ^He hyper¬ 
nuclei. Very low detection thresholds (~ 10 MeV for neutrons and ~ 20 MeV 
for protons) and statistics improved with respect to previous measurements will 
be used. By using a light, spin-isospin saturated hypernucleus such as iHe, 
one has the good point that the nuclear hnal state interaction are considerably 
reduced. The use of low nucleon threshold energies will make it possible to 
observe essentially all the hnal state interactions ehects. Another experiment, 
|l96i 


at BNL 


measurements. 


will measure T^/Tp for )^H, again by nn and np coincidence 


6.2.3 Potentialities of coincidence experiments 


We concentrate here on the potentialities of future experiments employing double 
coincidence nucleon detection. The purpose is to stress the importance of this kind 
of measurements both for the solution of the T^/Tp puzzle and for the observation of 
two-nucleon stimulated decay events. 

A simplistic analysis supplies the following expressions for the numbers of detected 
neutrons, and protons, Np = AT® -|- AT®, in terms of the non- 

mesonic partial decay widths: 


NP = f-A R. ^ V 

i T 
OF 
i T 


AT® = ep Vtp Rp ^ V, 
Vt 

=ep%Rp^N. 

i T 


(49) 


Here, Cn (cp) is the neutron (proton) detection efficiency, (flp) the detector accep¬ 
tance for neutrons (protons) and {Rp) the fraction of outgoing neutrons (protons) 
with kinetic energy above the detection threshold. The quantities Rn and Rp take into 
account the nucleon rescattering ehects in the nucleus, which inhuence, as previously 
discussed, the numbers of observed neutrons and protons. Moreover, in the relations 
for the number of neutrons and protons originating from two-body induced decays, 
V2® and AT®, we have employed the quasi-deuteron approximation, in which the 
three-body processes proceeds mainly through the channel A.np —> nnp. By impos¬ 
ing Cn fin i?n = Cp flp i?p = 1, the previous equations supply the number of nucleons at 
the weak decay vertex. Finally, Tt is the total decay width (Tt = T^ -|- Tp -|- r 2 -f- Tm) 
and N the total number of decayed hypernuclei. In an experimental analysis, the 
ratio Tn/Tp can then be obtained from the measurement of A),, N and Tt and 
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the theoretical evaluation of r 2 as follows: 


where: 


and: 


r. 

r. 


Q. , ^ — 1 -|- I Of “7":— — 2 


N„ 


N„ 


hn + hr 


9 / 


hn + hr 


r + r = - 


2 \ €fi ^ 2^2 Rfi 


Nn Np \ Ft 3^ 

" " ~N 2 ^’ 


(50) 


(51) 


6p f2p Rp 

a = 


6n 


On the other hand, the numbers of nn and np coincidence detections for an opening 
angle 6 between the pairs are: 


KnW = 4f!™(9)/tt(9X^lV, (52) 

i T 

KpW = e„epf!A-A-(9)/tt(e)«i?^iV. 

i T 


respectively, when two-body stimulated decays are neglected. With [2 jyjy( 0) we have 
denoted the average acceptance for nucleon pairs detected at an opening angle 6*, 
while is the NN angular correlation function for AN NN. Finally, 

and Rl^p are, respectively, the fraction of nn and np pairs from one-body induced 
processes leaving the residual nucleus with energies above the detection thresholds. 
The ratio F^/Fp can then be measured through the following relation: 


Tp 

N^ and N^ being the total numbers of detected nn and np pairs from one-body 
induced decays, respectively. 

Angular two-nucleon correlation measurements allow to disentangle the two-body 
stimulated decays from the total set of data. The number of nn and np pair detected 
at an angle 9 and originating from three-body decays are: 


N, 


IB 


plB 

-^np 


N^B 

np 


^nn 


(53) 


/V“(«) = (54) 

i T 

= £„%S2™(»)/“„(») 

i T 

respectively, the factor 2 in the second equation being the number of np pairs in 
the three-particle hnal state nnp. Besides, is the NN angular correlation 

function for three-body decays, while {Rnp) is the fraction of nn {np) pairs from 
two-nucleon induced decays leaving the nucleus with energies above the detection 
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thresholds. Nucleon pairs from one-body induced decays are mainly emitted back- 
to-back with ~ 75 MeV kinetic energy. A detailed study ||136|| of the NN angular 


correlation function in AN NN, shows that the NN opening angles are 

“with great probability” larger than 140° for s-shell hypernuclei. On the contrary, 
the function peaks around 120°. By using the approximation that all pairs 

detected at angles 6 > 140° {6 < 140°) come from one-nucleon (two-nucleon) induced 
processes (this assumption is realistic only for light hypernuclei, where a small effect 
of the hnal state interactions is expected), one can give an estimate of the various 
NN 

To do this, we refer to the case of the experiment KEK-E462 ||195|] , which will 
study the decay of |He hypernuclei. Let us start by assuming that r„ = Tp = 0.20 
and Ft = 1.00 (the widths are in units of r)(®®). These values agrees with the results 
of the 1991 BNL experiment |^. Moreover, from the calculation presented in table 
^ it follows a ratio r 2 /(r„ + Tp) = 0.15. It is not easy to evaluate i?„, Rp, R]^, 
Rhp, Rnn and Rnp- neglecting the nucleon rescattering effects in the residnal nuclens 
and assnming a 0 MeV detection threshold, these qnantities are eqnal to 1. The 
nuclear hnal state interactions increase the total number of nucleons ontgoing from 
the nuclens with respect to the number of nucleons at the weak decay vertex, but a 
non-zero energy detection thresholds decreases the number of hnal nucleons which 
can be observed ||192|| . The i?’s factors depend on a delicate balance between these two 


ehects. A simulation of single and coincidence nucleon spectra htting experimental 
data allows to determine these quantities. Here, we can use as a guidance the results 
of Refs. pO], |136|, p.92|| to estimate that, very roughly, for the detection thresholds which 

AB 


will be nsed at KEK-E462 (aronnd 10-^20 MeV), Rn, Rp, R]^ and R]^ are snfhciently 
and Rl^ ~ R^ 


close to 1 
experiment are needed 


~ 0.8 for I 


He. Further, the following parameters of this 


195 


en = 0.23, 
Vtn = 0.27, 


Cp = 0.85, 

Vtp = 0.18, 


= 0.143, H2B^ = 0.05, 

where and are the total detector acceptances for NN pairs coming from 
one-body and two-body induced processes, respectively. The latter quantities are 
obtained by averaging the functions /^^(6*) and /^^(6') of Eqs. (^^, 

(|54D over the intervals 9 > 140° and 9 < 140°, respectively. By observing N = 100000 
decays of |He hypernuclei, we thus expect the following total number of counts: 


N^^ = 3726, ATB = 3060, 
= 745, = 918, 


N^^ = 151 

■^^nn 

= 13 

■^^nn -^^5 


A^B = 559, 

A^B = 94. 


(55) 


If, on the contrary, one assnmes T^ + Tp = 0.3 (this value agrees with the calculation 
presented in table |T^ and T^/Tp = 0.5, the number of counts are: 


A,^^ = 2484, N^^ = 3060, 
A2B = 559, A^B = 689, 
Kn = 76, iV“ = 559, 


(56) 


= 10 

■^^nn -^'^5 


= 70 

■^^np ' 5 
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respectively. From these estimates one reaches the following important conclusion: if 
the two-nucleon induced decay rate is about 15% of the total non-mesonic width, from 
existing data and calculations on r„ and Fp one expects a non-negligible number of 
NN coincidence counts (of the order of 100) coming from two-body induced processes 
for an ensemble of = 100000 hypernuclear decays. 

In an experiment which would measure the quantities of Eqs. (^), (|56|) with suffi¬ 
cient statistics, one has two independent ways to determine the ratio F„/Fp [by using 
Eqs. (^) and (|5^) ] and, once Ft is measured, two independent ways to determine F 2 
[Eqs. (|5^)]. Careful analyses of the nucleon hnal state interactions must be done, in 
order to estimate the different factors i?’s. We must also note that the use of Eq. (|50|) 
to obtain the ratio could be affected by problems related to interference effects be¬ 
tween neutron- and proton-stimulated decays, as mentioned in point 1) of paragraph 
|6.2.2| . A determination of the ratio with both Eqs. (^) and (|53D will thus be able to 
quantify these interference effects. 

To study the effect of the two-nucleon stimulated decay on the determination of 
F„/Fp for experiments which do not detect the nucleons in double coincidence, let us 
consider the data from the BNL experiment of Ref. 
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for |He: 


(5 He) = 3000 ± 1300, (iHe) = 1730 ± 260. 






In order to calculate Tn/Tp with Eq. 0). an estimate of the nuclear hnal state 
interaction effects for the outgoing nucleons is required. By using as a guidance the 
analyses of Refs. []^ ,|136|, [197|| , one has that, very roughly, Rp/Rn — 1 -=- 1.1 

for the energy thresholds of the BNL experiment (~ 30 40 MeV). By assuming 

r 2 /(F„, -|- Fp) = 0.15, Eq. (|50| ) then supplies: 


(f,He) = 0.44«: 


53 

44 


(1B + 2B, = 


(57) 


while neglecting the two-nucleon induced channel: 

F. 


(^He) = 0.45 ± 0.44 (IB only, Rp/Rn = 1.1). 


(58) 


For Rp/Rn = 1, the ratios of Eqs. (|57D and (|58|) become slightly smaller, namely: 


^ (iHe) = 0.34ii|:£ (IB + 2B, R,IK, = 1), 


(59) 


(jHe) = 0.371!!:" (IB only, = 1). 


(60) 


respectively. 

A similar analysis can be performed on data, again from the BNL experiment 
of Ref. IM: 


^ 34gg ^ ^^gg^ ^ ^^^g ^ 200 . 
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The calculation of table supplies a ratio r 2 /(r„ + Tp) = 0.2 for Thus, from 
Eq. (|50|) one obtains: 

^ (i^C) = 1.14 ±0.80 (IB ± 2B, i?p/i?, = 1.2), (61) 

1 p 

^ Q^C) = 0.95 ± 0.51 (IB only, Rp/R^ = 1.2), (62) 

^ ^ Q_7g ^ Q_gQ (IB ± 2B, = 1), (63) 

1 p 


(i"c) = 0.71 ± 0.43 (IB only, = 1). 


(64) 


Again, because of the big error bars, the effect of r 2 on the determination of T^/Tp 
with Eq. (^) is negligible [this also occurs for very large (and unrealistic) values 


of r 2 ]. In order to have a determination of the ratios of Eqs. (0) and (0) with 
relative errors of about 20%, iV„ and Np must be measured with very small errors: 
ANn/Nn ~ 2ANp/Np ~ 8%. Thus, to determine r 2 one must resort to NN cor¬ 
relation measurements, as previously discussed. It is worth noticing that the ratios 
of Eqs. (|57|)-(60) are considerably smaller than the result published in Ref. |^| for 


^He (T^/Tp = 0.93 ± 0.55) and compatible with the OPE calculations. Only sizeable 
hnal state interactions {Rp/Rn — 1.7) can give ratios around 1 by employing Eq. 


for iHe. The values of Eqs. (|61|)-(|6^, instead, are closer to the published result for 
(T^/Tp = 1.33](o;g^) and disagree with the OPE calculations within one standard 
deviation. Interestingly, the ratio of Eq. (0) for becomes equal to the central 
data point (1.33) when Rp/R^ — 1.3. 


6.3 Phenomenological analysis of s— shell hypernuclei 

The analysis of the non-mesonic decays in s-shell hypernuclei offers an important tool 
both for the solution of the Pn/Pp puzzle and for testing the validity of the related 
AJ = 1/2 rule. Since in these hypernuclei the AiV pair is necessarily in the L = 0 
relative state, the only possible AN NN transitions are the following ones (we use 
the spectroscopic notation 

^ '^0 (// = !) ( 65 ) 

- “a (// = !) 

“Si ^ (// = 0) 

- 'n (// = o) 

^ (// = i) 

- (// = 0). 

The An —>■ nn process has hnal states with isospin If = 1 only, while for Ap —>■ np 
both /f = 1 and // = 0 are allowed. 






review 


We discuss in this subsection an analysis performed by the authors of the present 
148|| in order to explore the validity of the AJ = 1/2 rule in the one-nucleon 


induced A-decay. This analysis is based on the phenomenological model of Block and 
Dalitz ||143| , |144|| , which we briefly outline now. 


The interaction probability of a particle which crosses an inhnite homogeneous 
system of thickness ds is, classically, dP = ds/X, where A = l/{ap) is the mean free 
path of the projectile, a is the relevant cross section and p is the density of the system. 
Then, if we refer to the process \N —»• NN, the width T^m = dP^N^NN/dt can be 
written as: 


Tnm — va p, 


V = ds/dt being the A velocity in the rest frame of the homogeneous system. For a 
hnite nucleus of density p(r), by introducing a local Fermi sea of nucleons, one can 
write, within the semiclassical approximation; 


Tnm = {va) / drp{Pj \ 


where 'ipA{r) is the A wave function in the hypernucleus and () denotes an average over 
spin and isospin states. In the above equation the nuclear density is normalized to the 
mass number A = N + Z, hence the integral gives the average nucleon density pa at 
the position of the A particle. In this scheme, the non-mesonic width Fnm = F„ + Fp 
of the hypernucleus a^^Z turns out to be: 


- iMViVA 


where (i?p) denotes the spin-averaged rate for the neutron-induced (proton- 
induced) process appropriate for the considered hypernucleus. 

Furthermore, by introducing the rates Rnj for the spin-singlet (i?no, Rpo) and 
spin-triplet {Rni, Rpi) elementary AN —> NN interactions, the non-mesonic decay 
widths of s-shell hypernuclei are ||143|,p.44f| : 


rNM(iH) 

rNM(iH) 

rNM(iHe) 

rNM(iHe) 


(3i?„o + Rnl + 3i?p0 + Rpl) 

P3 


p2 


(RnO + 3i?nl + ‘^Rpo) 
(2i?n0 + RpO + 3i?pi) 


6 ’ 
6 ’ 


{RnO + 3i?ni + RpO + 3Rpi) 


P4 


( 66 ) 


These relations take into account that the total hypernuclear angular momentum is 
0 for and ^He and 1/2 for and iHe. In terms of the rates associated to the 
partial-wave transitions (|65|) , the Rn/s of Eqs. (|66|) read: 

RnO = RnCSo) + Rni^Po), 

Rpo = RpC^o) + Rp{^Pq), 

Rnl = Rni^Pl), 

Rp, = Rp{^S^) + RpCP^) + Rp{^P^) + Rp{^D,), 
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the quantum numbers of the NN hnal state being reported in brackets. If one assumes 
that the AN —> NN weak interaction occurs with a change AJ = 1/2 of the isospin, 
the following relations (simply derived by angular momentum coupling coefficients) 
hold among the rates for transitions to J = 1 hnal states: 

RnCSo) = 2RpCSo), RnCPo) = 2Rj,CPo), RnCPi) = 2RpCPi). (67) 


Hence: 


Rfil ^ RnO 

Rpi Rpo 


( 68 ) 


For pure AJ = 3/2 transitions, the factors 2 in Eqs. (^) are replaced by 1/2. Hence, 
by further introducing the ratio: 


(J;^1||A/2||/. = 1/2) 

(-r/ = i||2i3/2l|/. = i/2) 


between the AJ =1/2 and AJ = 3/2 AN NN transition amplitudes for isospin 
1 hnal states (r being real, as required by time reversal invariance), for a general 
AJ = 1/2 — AJ = 3/2 mixture one gets: 

Rni ^ 4^2 _4r + l ^ R^ ^ 4^2 _ 4 y 1 

Rpi “ 2r2 + 4r + 2 + - R^q ~ 2r‘^ + Ar + 2' ^ ’ 

where: 


(J/ = 0||A/2||/. = 1/2) 

{-r/ = i||2i3/2l|/. = i/2>' 


The partial rates of Eq. (^) supply the F^/Fp ratios for s-shell hypernuclei through 
Eqs. ([66|), which provide the sum F„ + Fp for each considered hypernucleus. For 
example, for ^He one has: 


^(iHe) = 


RnO 3-R 


nl 


Rpo 3-R 


pi 


(71) 


By using Eqs. (pq) and (pOD together with the available experimental data it is 
possible to extract the spin and isospin behaviour of the AN NN interaction with¬ 
out resorting to a detailed knowledge of the interaction mechanism. This reasoning 
was applied for the hrst time by Block and Dalitz ||143|,p.44l - Unfortunately, up to 


now, the large experimental error bars have not allowed to draw dehnitive conclusions 
about the validity of the AJ = 1/2 rule in non-mesonic decays by employing the pre¬ 
vious model. There are indications for a sizeable violation of this rule ||147| , |149| , p.50 


but more precise measurements are needed, especially for and ^H. If conhrmed, 
this would represent the hrst evidence of such a violation in non-leptonic strangeness 
changing processes. By using the phenomenological model of Block and Dalitz, in the 
next paragraph we shall discuss, through a new analysis |p.48|| which employs recent 
data, the validity of the AJ = 1/2 rule in the process AN —>■ NN. 
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Table 19: Experimental data (in units of T^®®) for s-shell hypernuclei (taken from 
Ref. p8| ). 



Tn 


Tnm 

Tn/Tp 

Ref. 

iH 



0.22 ±0.09 
0.17±0.11 
0.29 ±0.14 


reference value 
KEK 46 

iHe 

0.04 ±0.02 

0.16 ±0.02 

0.20 ±0.03 

0.25 ±0.13 

BNL 136 

iHe 

0.20 ±0.11 

0.21 ±0.07 

0.41 ±0.14 

0.93 ±0.55 

BNL 90 


Before proceeding, we note that Eqs. (|66|) make use of several assumptions, which 
cannot be easily tested: the decays are treated incoherently on the stimulating nu¬ 
cleons within a simple 4-baryons point interaction model, thus interference effects 
originating from antisymmetrization of the two-nucleon hnal state as well as hnal 
state interactions are neglected. Moreover, the calculation requires the average nu¬ 
clear density at the A position and does not take into account non-mesonic decays 
induced by more than one nucleon. However, given the high momentum of the outgo¬ 
ing nucleons and the present level of accuracy of the data, the above approximations 
can be considered as satisfactory. 


6.3.1 Experimental data and AJ = 1/2 rule 


In Ref. [p.48|| a phenomenological analysis of experimental data on non-mesonic decay 


of s-shell hypernuclei is employed to study the possible violation of the AJ = 1/2 rule 
in the AN —>■ NN interaction. In that paper we have analyzed recent data (which 
are summarized in table |^) by using a quite different method with respect to the 
previous works of Refs. ||146|, |1471, | 


Unfortunately, no data are available on the non-mesonic decay of hypertriton and 
on Tn/Tp for ^H. Indeed, we shall see in the following that the future measurement of 

196|| will be of great importance for a test of the A/ = 1/2 rule. 


jVp for XH at BNL 


The BNL data j^ , |136|| for ^He and |He of table [I^ together with the reference value 
for have been used in our analysis. This last number is the weighted average of the 


previous estimates |144|| , which have not been obtained from direct measurements 
but rather by using theoretical constraints. One has then 5 independent data which 
allow to £x, from Eqs. (|6^), the 4 rates Rn,j and p^. Indeed, the average nucleon 
density at the A position for ^He, also entering into Eqs. (|66D, has been estimated 
to be p 4 = 0.045 fm“^ by employing the A wave function of Ref. (which was 
obtained through a quark model description of the AN interaction) and the gaussian 
density for ^He that reproduces the experimental mean square radius of the nucleus. 
For and ^He, instead, no realistic hyperon wave function is available and we can 
obtain the value pa = 0.026 fm“^ from the data of table by imposing that [see 
Eqs. 


rp(AHe) _ 3^ 
r,(iHe) “ 4p3‘ 
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The best choice to determine the rates Rn,j by fitting experimental data corre¬ 
sponds to use the relations for the observables: 

rNM(iH), rNM^He), rNM(iHe), ^(iHe), 

t p 

which have the smallest experimental uncertainties. After solving these equations 
we obtained the following partial rates (as usual, the decay widths of Eqs. (|66D are 


considered in units of the free A decay width); 




(4.7±2.1)fm^ 

(72) 

Rpo 

W, 

(73) 

Rnl 

(10.3 ± 8.6) fm^ 

(74) 

Rpl 

(9.8 ± 5.5) fm^ 

(75) 

-Rn(AHe) = - {RnO ± 3i?nl) = 

(8.9 ± 6.5) fm^ 


i?p(^He) = - {Rpo + 3Rpl) = 

(9.3 ± 5.8) fm^ 



The errors have been obtained with the standard formula: 


(5[0(ri,... ,r7v)] 



namely by treating the data as independent and uncorrelated. Due to the large 
relative errors [especially in the measures of and rNM(AHe)] implied in the 

extraction of the above rates, the gaussian propagation of the uncertainties has to be 
regarded as a poor approximation. 

For the ratios of Eq. (|6^ we have then: 


RnO 

RpO 


0.6 


+ 1.3 
- 0 . 6 ) 


(76) 


Rnl 

Rpl 


1.0 


+ 1.1 

- 1 . 0 - 


while the ratios of the spin-triplet to the spin-singlet interaction rates are: 


= 2.2 ± 2 . 1 , 


(77) 


Rpi 

Rpo 


1.2 


+ 2.7 

- 1 . 2 - 


The large uncertainties do not allow to draw definite conclusions about the possible 
violation of the AJ = 1/2 rule and the spin-dependence of the transition rates. 
Eqs. (|76D and (|77|) are still compatible with Eq. (^), namely with the AJ = 1/2 
rule, although the central value in Eq. (^) is more in agreement either with a pure 
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A/ = 3/2 transition (r ~ 0) or with r ~ 2 [see Eq. (|69|) ]. Actnally, Eq. (|76[) is 
compatible with r in the range —1/4 40, while the ratio A of Eqs. (|6^ and (|70|) is 
completely nndetermined. 

By nsing the resnlts of Eqs. ([7^-([75|) we can predict the nentron to proton ratio 
for ^H, and iHe, which tnrn ont to be: 


^(iH) 

i p 

— 0 

— U.r_Q7, 

^(tH) 

P 

cy q+5.0 

— ^.0_2,3, 

4(iHe) 

= 0.95 ±0.92, 


and, by nsing p 2 = 0.001 fm ^ ||144|| , 

rN^^(3H) = 0.007 ±0.006. 


The latter is of the same order of magnitnde of the detailed 3-body calcnlation of 


Ref. ||115|| , which provides a non-mesonic width eqnal to 1.7% of the free A width. The 
ratio obtained for ^He is in good agreement with the data of table W. An accnrate 


measnrement of rNM(AH) and T^/Tp for and wonld then provide a test of the 
weak decay model of Eqs. (|66D if the rates of Eqs. (|72D-(|7^ conld be extracted with 
less nncertainty from data. 

The compatibility of the data with the AJ = 1/2 rnle can be discnssed in a differ¬ 
ent way: by assuming this rnle, we £x Rno/Rpo = 2. Then, by using the observables: 


rNM(lHe), 


rNM(JHe), 


the extracted partial rates {Rno, Rni, Rn and Rp are unchanged with respect to the 
above derivation) are: 


RnO 

RpO — Rrio/‘^ 
Rnl 
Rpl 


(4.7±2.1)fm^ 
(2.3 ± 1.0) fm^ 
(10.3 ± 8.6) fm^ 
(11.7 ± 2.4) fml 


These values are compatible with the ones in Eqs. ([72|) - (|75D . For pure AJ = 1/2 
transitions the spin-triplet interactions seem to dominate over the spin-singlet ones: 


R. 


nl 


Rpl 


R 


pO 


Moreover, since: 


R. 


nl 


J?. 


= 2.2 ± 2 . 1 , 


= 5.0 ±2.4. 


= 0.9 ±0.8, 


-pi 
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Table 20: Experimental data for (taken from Ref. [p.48|] ) 


Tnm 

Tn/Tp 

Ref. 

1.14 ±0.20 

0.89 ±0.18 
1.01 ±0.13 

1 qo + 1.1!^ 
-‘-•^'^-0.81 

1.871?;?^ 

l-Sllaee 

BNL 

KEK 

avera 

M 
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from Eq. (|6^ one obtains the following estimate for the ratio between the AJ = 1/2 
amplitudes: 

(i, = a\\Aii2\\U = m 

(// = l||A/ 2 l|/i=l/ 2 ) -3,7 • ■ ■ 

The other independent observables which here have not been utilized are then pre¬ 
dicted to be: 


rNM(iH) = 0.17 ±0.11, 


and: 

^(iHe) = 0.95 ±0.72, 

1 p 

in good agreement with the values of table |T^ with a for one degree of freedom of 
0.31 (corresponding to a 0.56a deviation). This means that the data are consistent 
with the hypothesis of validity of the AJ = 1/2 rule at the level of 60%. In other 
words, the AJ =1/2 rule is excluded at the 40% conhdence level. 

The observables for which experimental data are not available at present are pre¬ 
dicted to be: 

^aH) = 1 . 3 ± 0 . 6 , 

J- p 

±(1H) = 7.6±6.2, 

J- p 

and, for p 2 = 0.001 fm“^, 

rNM(AH) = 0.005 ±0.003. 


We note that the central value of T^/Tp for in the analysis which enforces the 
AJ = 1/2 rule is considerably larger than the central value obtained in the general 
analysis previously discussed. Thus, the future measurement ||196|| of this quantity 
will represent an important test of the AJ = 1/2 rule. 

We conclude this subsection by considering a simple extension to hypernuclei of 
the p-shell. In table ^ the data on weak non-mesonic decay of are quoted. The 


relevant decay rate can be written in the following form: 


S P 

rNM(i'C) = ^rNM(iHe) ± ^ [3R„(p) ± 4Rp(p)] , 
Pa ‘ 


(78) 
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where {f^n) is the mean s-shell (p-shell) nucleon density at the hyperon position, 
while Rnip) [Rpip)] is the spin-averaged p-shell neutron-induced (proton-induced) 
rate. By using the previous results from s-shell hypernuclei and the weighted average 
values in table |20|, we obtain: 


R^[p) = (18.3 ± 10.7) fm^ 

RM = 

The densities (= 0.064 fm“^) and (= 0.043 fm“^) have been calculated from 
the appropriate nucleon s- and p-shell Woods-Saxon wave functions. The s- and 
p-shell contributions in Eq. ([78|) are 0.58 ± 0.20 and 0.43 ± 0.24, respectively. The 
contribution of the KN P partial waves to Tnm is estimated to be only 5 -h 15% in 
p-shell hypernuclei ||116H118|| . Thus, about 10 30% of the p-shell contribution 

is expected to be originated by AiV relative states with L = 1. 
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7 Non—mesonic decay of polarized A—hypernuclei: 
the asymmetry puzzle 

7.1 Introduction 


Lambda hypernuclear states can be produced with a sizeable amount of polarization 
198|] . The development of angular distribution measurements of decay particles (pho¬ 


tons, pions and protons) from polarized hypernuclei is of crucial importance in order 
to extract new information on hypernuclear production, structure and decay. 

A new open problem, of very recent origin, in the study of the weak hypernuclear 
decay concerns large discrepancies among the results of two experiments |[199| , |200[ 


performed at KEK, which observed the asymmetric emission of non-mesonic decay 
protons from polarized hypernuclei. Theoretical predictions are able to reproduce, 
although not very accurately, the older measurement, but very recent observations 
have completely changed the situation, leading to a puzzling status. We analyze the 
problem in this section. 

Thanks to the large momentum transfer involved, the n{TT^, K^)K reaction has 
been used, at = 1.05 GeV and small laboratory scattering angles (2° < 0^ < 
15°), to produce hypernuclear states with a substantial amount of spin-polarization, 
preferentially aligned along the axis normal to the reaction plane ||199| , P0Cl(| . The 
origin of hypernuclear polarization is twofold [p.98|| . It is known that the distortions 
(absorptions) of the initial (tt’*') and hnal {K~^) meson-waves produce a small polar¬ 
ization of the hypernuclear orbital angular momentum up to laboratory scattering 
angles 6^ — 15° (at larger scattering angles, the orbital polarization increases with a 
negative sign). At small but non-zero angles, the main source of polarization is due 
to an appreciable spin-flip interaction term in the elementary reaction AK~^, 

which interferes with the spin-nonflip amplitude. In a typical experimental situation 
with Ptt = 1-05 GeV and 6^ — 15°, the polarization of the hyperon spin in the free 
TT+n —>• AK~^ process is about 0.75. 

The KEK experiment of Ref. [ 199 | measured for the hrst time the asymmetry of 
the angular distribution of protons produced in the non-mesonic decay, Ap —>■ np, 
of polarized p-shell hypernuclei, produced on ^^G target. The difference between the 
number of protons emitted along the polarization axis and the number of protons 
outgoing in the opposite direction must be determined. As we shall briefly discuss in 
the next subsection, this proton asymmetry is related to the interference between the 
parity-violating and parity-conserving transition amplitudes with different values of 
the NN isospin [^. Due to the antisymmetry of the NN state, the AN —>• NN 
parity-violating and parity-conserving amplitudes correspond to S' -|- / = even and 
S +1 = odd hnal states, respectively (S' = spin, / = isospin). This means that the 
interference terms contributing to the proton asymmetry occur between amplitudes 
with the same NN intrinsic spin S. The non-mesonic partial rates are dominated 
by the parity-conserving amplitudes. Thanks to the information on the spin-parity 
structure of the process which can be obtained with the study of the asymmetric 
emission of protons from polarized hypernuclei, new constraints can then be imposed 
on the AN NN decay mechanism. 
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7.2 Spin—polarization observables 


In this subsection we briefly outline the formal derivation of the proton asymmetry 
parameter and its relation with the other spin observables. More details can be 
found in Ref. ||201|| . The intensity of protons emitted in the non-mesonic decay of 
a polarized hypernucleus along a direction forming an angle 0 with the polarization 
axis is defined by: 




(79) 


= {F-,e\M\I-,.],M)(I-,.],M\p(J)\I-,lM')(I-,.],M'\M‘'\F-,(d). 


Here, At is the operator describing the Ap np transition, |/; J,M) is the initial 
hypernuclear state, M denoting the third component of the hypernuclear total spin 
J, \F; 0) the many-body final state (given by the residual nucleus and the outgoing 
nucleons, with a proton emerging at an angle 0) and p is the density matrix of the 
polarized hypernucleus. 

With reference to the production reaction, the density matrix for pure 

vector polarization along x kx is given by |p01|| : 


P{J) = 


2J+ 1 


l+Py{J)Sy 


J + 1 


(80) 


in the Madison frame, in which the ^M^axis is along the direction of the incoming 
pion and the j/M^axis is along k-^xkx- In Eq. ([80|) Py is the hypernuclear polarization 
and Sy the projection along the j/M^axis of the spin operator J. From Eq. O one 
then obtains the proton distribution in the form: 


/(0,J) = /o(J) [1 + M(0,J)], 


where: 


W) 


Tr(AlAlt) 

2J + 1 


is the (isotropic) intensity for an unpolarized hypernucleus. The asymmetry of the 
angular distribution for the outgoing protons is expressed by: 


M(0,J) = P,(J) 


3 Tr(AI^yAI^)(0) 
J + 1 Tr (AIAft) 


One easily obtains that this proton asymmetry parameter is proportional to cos 0 


Here, the quantity: 


M(0, J) = Py{J) Ay{J) COS0. 


A,{J) 


3 


(81) 


(82) 
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which is a property of the hypernuclear non-mesonic decay only, is usually referred to 
as the hypernuclear asymmetry parameter. The hypernuclear polarization Py depends 
both on the kinematics and 9k) and dynamics of the production reaction. In 
Eq. (H): 


a( J, M) = E 


(83) 


is the intensity of protons emitted along the quantization axis 2 ; for a projection M 
of the hypernuclear total spin. The transition amplitudes appearing in Eqs. ([f^ and 
(|83D are evaluated in the proton helicity frame, whose ^-axis is along the direction of 
the outgoing proton. 

In the shell model weak-coupling scheme with the Is A-hyperon coupled to the 
nuclear core ground state, Py is directly related to the polarization p\ of the A spin 
in the hypernucleus as follows: 


J 


Pa{J) — ^ + 1 

p,(j) 


P,(J) \fJ=Jc-\ 

if </ = 


(84) 


Jc being the total spin of the nuclear core. It is useful to introduce an intrinsic 
lambda asymmetry parameter oa, which is characteristic of the elementary process 
Ap —>• np and should be independent of the hypernucleus, such that: 


From Eqs. 


and 


Al(0, J) = Pa{,J) oa cos 0. 
it follows then: 

J + 1 


(85) 


oa = 


J 

Ay{j) 


-Ay{j) iiJ=Jc-l 
if J= J^ + i 


( 86 ) 


and a\ = Ay{J) = 0 if J = 0. In the case of ^He, Jc = 0 and J = 1/2, thus: 


a A = Aj^(XlIe) = 


a (iHe, +1/2 ) - a (^He, -1/2 


a (^He, +1/2 ) + <7 ( ^He, —1/2 


and —1 < oa < 1- 


7.3 Experiments 

Experimentally, the proton asymmetry parameter is obtained by comparing the num¬ 
ber of protons emerging parallel and antiparallel to the ?/M^axis: 


.4(0°) 


J(0°) -/(180°) 
/(0°) + /(180°)‘ 


(87) 


The asymmetry +1(0°) measured by the KEK experiments [|194| , tl99| , |200|| suffered 
from large uncertainties, principally due to limited statistics, hnal state interaction 
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Table 21: Asymmetries observed at KEK-E160 


199 



12p 

A 

i'B 

LH {A < 10) 

M(0°) 

-0.01 ±0.11 

-0.19 ±0.10 

-0.24 ±0.09 

M(0°) 
flA = , 

kpA 

-0.17 ± 1.83 

-1.33 ±0.72 

-1.50 ±0.68 

{pA = 0.06 ^ 0.09) 
-0.13 ± 1.45 
{pA = 0.095) 

{pA = 0.16^-0.21) 

-0.77 ±0.41 
(pA = 0.31) 

{pA = 0.15^0.26) 


effects (which attenuate the weak decay vertex proton asymmetry) and to the poor 
knowledge of the hypernuclear polarization. Moreover, two-nucleon induced decays, 
not taken into account in the experimental analyses, are expected to contribute. 

In the first experiment ||199|| , KEK-E160, and other p-shell hypernuclei 

were produced by the reaction on At about 10 MeV excitation energy 

with respect to the )\^C(1“) ground state, the reaction can create proton-unbound 
states, which then populate the ground state by proton and photon emissions. 

The high excitation energy region, around 20 MeV, is called quasi-bound region since, 
even if here the A has a finite escape probability, deexcitations via the emission of 
one or more nucleons are also possible, and lead to a light hyperfragment (LH) with 
A < 10: for example, the emission of a p, n, d, ^He or a particle produces a final 

\°B, ® Be or ®Be hypernucleus, respectively. The statistics and energy resolution 
(5 -h 7 MeV) of the kaon spectrometer were limited at KEK-E160; moreover, the 
polarization of the produced hypernuclei, whose decay protons were observed, had to 
be evaluated theoretically in order to determine the intrinsic A asymmetry, a\, from 
the measured A. Such a calculation requires a delicate analysis of 1) the polarization 
of the hypernuclear states directly produced in the (7r+, 77+) reaction and 2) the 
depolarization effects due to strong and electromagnetic transitions of the populated 
excited states, which take place before the weak decay. In table ^ we list the observed 
asymmetries. According to Eq. (^5|), the proton asymmetry M(0°) should depend 
linearly on the polarization of the hyperon in the nucleus (see second and fourth line 
of the table), which is always positive, reflecting the positive sign of the A polarization 
in the elementary AK~^ reaction. The values for the intrinsic A asymmetry, 

oa = A{0°)/{kP a) , of the third line are obtained by using the theoretical evaluations 
of Py originally employed in the analysis of Ref. [ 199 |. The attenuation factor k, 


estimated to be around 0.8, is due to the A Fermi motion and the rescattering of the 
emitted protons. The main reason of the attenuation in the observed asymmetry is 
the detection of secondary protons, emitted as a consequence of the scattering of decay 
neutrons and protons with the nucleons of the residual nucleus. By assuming that oa 
is independent of the hypernucleus, the weighted average of the three results supplies 
a very large and negative asymmetry: oa = —1.3 ± 0.4, namely in the physically 
acceptable range between —0.9 and —1. In the fifth line of the table, more realistic 
evaluations of the polarization, extracted from Refs. ||202H204||, are used to obtain oa- 


A weighted average among the improved results for )\^B and C and the original one 


109 




























Table 22: Asymmetries observed at KEK-E278 [pOO 
the third line are taken from Ref. [205| . 


for I He. 


The values of pa in 


scattering-angle 

2° < \9k\ < 7° 

7° < \9k\ < 15° 

M(0°) 

0.082 ±0.060 

0.035 ±0.080 

PA 

0.247 ±0.082 

0.393 ±0.094 

M(0°) 
oa = , 

ekpA 

0.441 ± 0.356 

0.120 ±0.271 

weighted average 

0.24 ±0.22 


for lighter hyperfragments gives a smaller asymmetry value: oa = —0.9 ± 0.3. 

More recently p05|| , it has been possible to measure the polarization of ^He hyper¬ 
nuclei, which, from Eq. (^H), coincides with the A polarization: Py(^He) = pa(aH 6)- 
The ®Li(7r+, Li reaction is used to produce a polarized ®Li hypernucleus. The 
ground state of ® Li lies above the ^He -|- p threshold, thus an |He hypernucleus in 
the O’*" ground state is exclusively produced by the emission of a proton. The polar¬ 
ization of ^He is measured by observing the asymmetric emission of negative pions 
in its mesonic decay, = Py Ay . To obtain the polarization from the observed 
, Ay was assumed ||206|| to be equal to the value for the free A —>• 7r~p decay: 
-0.642 ± 0.013 II207I1. This approximation is reasonable, since in ^He the 


= 


207 


hyperon is coupled to a spin-parity O’*" ^He core. Unfortunately, the small branching 
ratio and asymmetry parameter for the mesonic decay of p-shell hypernuclei makes 
such a measurement very difficult for these systems. The distorted wave impulse ap¬ 
proximation of Ref. ||206|| reproduces quite well the measured values of Py(^He) ||205| 


However, it is not clear whether such a model is able to account for the polarization 
mechanism of p-shell hypernuclei. 

The experimental values of Py(^He) have been employed, very recently, to deter¬ 
mine a A = Ay(^He) from a measurement of the proton asymmetry in ^He (KEK- 
E278) 1120011 . Again, |He hypernuclei have been produced by the ®Li(7r+, 77+)® Li 


reaction. When compared with an experiment employing a p-shell hypernucleus, the 
use of ^He has evident virtues: the measured hypernuclear polarization is larger and 
approximatively equal to that of the A-hyperon, since J^(^He) = O’*"; the nuclear 
effects on the observed asymmetry A are smaller; hnally, only the relative A-wave 
in the initial Ap system is active. All these features help the theoretical interpreta¬ 
tion of data. In table ^ the obtained results are quoted. The proton asymmetry 
M(0°) has been measured for two K~^ scattering-angle regions, 2° < \9x\ < 7° and 
7° < \9k\ < 15°. The reduction factor, e = 0.804, is due to the hnite acceptance of the 
decay counter system, while the attenuation factor, k = 0.935, is again due to nuclear 
effects. Both these quantities, estimated through Monte Carlo simulations, and the A 
polarization in ^He are required in order to derive the intrinsic A asymmetry. A sta¬ 
tistical fluctuation caused a remarkable difference between the values of oa in the two 
scattering-angle regions. However, in the hypothesis that this observable depends on 
the one-body induced non-mesonic decay only, a weighted average is permitted and 
leads to a relatively small, positive value, within 2 standard deviations. 
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The experiments thus revealed an opposite sign of a\ for |He |P00|| and p-shell 
hypernuclei |]T! 

much sensitive to the nuclear structure effects: Ref. 


This is puzzling, since from its definition one expects ua to be not 

|118||) demonstrated that 


201 


this is true within 25% (6%) in a calculation for |He and (see next subsection). 
The weak coupling scheme is known to be a good approximation for describing the 
ground states of A hypernuclei. However, one must note that, in the experiment on p- 
shell hypernuclei, due to the low energy resolution, several excited hypernuclear states 
enter into the game. The procedure used to calculate the hypernuclear polarization in 
this case is complicated and could have led to an unrealistic value of a\. For example, 
in Ref. [P01| 


a sizeable reduction (increase) of the hypernuclear polarization Py has 
been found for (a B) once the spin depolarization of possibly populated excited 
states of these hypernuclei are taken into account. It is difficult, however, to think that 
the sign difference is only due to this effect. Also a statistical fluctuation can hardly 
cause such a difference between the two experiments. Another possible explanation, 
suggested in Ref. |^0CI|| , could arise from a dominance of the L = 1 AN interaction 
in p-shell hypernuclei. However, this hypothesis is incompatible with calculations 
Eim which proved how the AN L = 0 relative state is the dominant one in the 
non-mesonic decay of those hypernuclei, giving about 85 95% of the total non- 

mesonic rate. 

The preliminary results of KEK-E307 


194 


which employs carbon, silicon and 
iron targets, show a large and positive value of a\ for within 2 standard deviations: 
they find ua = 0.85±0.39, in complete disagreement with the outcome of KEK-E160. 
To improve statistics, in the E307 experiment an analysis of a\ including all the non- 
mesonic decay events gated to both the bound and continuum regions of a^C, a^AI, 
^®Si and aFo is in progress. A preliminary result confirms a positive value of a a 
p.94] for hypernuclei beyond the s-shell. However, future data analysis as well as 


improved statistical and systematic uncertainties are needed before this conclusion 
can be ensured. 


7.4 Theory vs experiment 


Within the model of Block and Dalitz ||143| , |144|| , discussed in subsection |673| , the 
intrinsic lambda asymmetry parameter of Eqs. (|8^ , (|8^) is evaluated through the 


following formula [208 


a A = Ay(^He) 
where: 


2v^77e 



; - V2d;) + fp{V2c; 

+ dp 


dp 1 

+ \bp 

^ + 3( Cp 

^ + dp 

2 + 

Cp 

^ + \fp 



( 88 ) 


ttp = {np-,^So\t\Ap-,^So), 
bp = {np;^Po\t\Ap;^So), 
Cp = {np;^Si\t\Ap;^Si), 
dp = {np;^Di\t\Ap;^Si), 
Cp = {np;^Pi\t\Ap;^Si), 
fp = (up;^Pi|f|Ap;^5i), 
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Table 23: Calculations of the intrinsic lambda parameter a\. Note that Ay(^He) = a\ 
and Ayi^^C) = —ax/2. 


Ref. and Model 

iHe 

12p 

A 

NM 

Ramos et al. 1992 
OPE 

71 + K 

201 


-0.524 

-0.509 

-0.397 

-0.375 


Dubach et al. 1996 

OPE 

OME 

1231 



-0.192 

-0.443 

Sasaki et al. 2001 
OPE 

71 + K 

71 + K+DQ 

209| 


-0.441 

-0.362 

-0.678 



Parrefio et al. 2001 
OPE 

71 + K 

OME 

|118 


-0.252 

-0.572 -0.606 

-0.675^-0.682 

-0.340 

-0.626 -0.640 

-0.716^-0.734 


Exp KEK-E160 1992 

191 



-0.9 ±0.3 


Exp KEK-E278 2000 

20C 

)| 

0.24 ±0.22 



Exp KEK-E307 2001 

m 



0.85 ± 0.39 (prel.) 



are the elementary Ap —> np transition amplitudes. The use of Eq. (^) to estimate 
oa only provides approximate results. Indeed, within the model of Block and Dalitz, 
interference effects as well as hnal state interactions of the two outgoing nucleons 
with the residual nucleus are neglected. However, it is evident from Eq. (^SD that 
the asymmetry is due to the interference between parity-conserving (op, Cp and dp) 
and parity-violating {bp, Cp and fp) Ap —>■ np amplitudes with the same value of 
the np intrinsic spin S. Hence, interference terms between spin-singlet (J = 0) and 


spin-triplet (J = 1) amplitudes (terms in a^e* 


hpCp and bpd*) 


enter ax. 


In table ^ we summarize the calculations of the intrinsic A asymmetry. Previously 
discussed experimental data are reported for comparison. All evaluations provide 
a negative asymmetry, between —0.38 and —0.73 for the complete results, in fair 
agreement with the old KEK result of 1992, but in strong disagreement with the 
positive sign revealed by the recent experiments. As expected, the calculations show 
a moderate sensitivity of the asymmetry to the details of nuclear structure. The 
work of Ramos et al. ||201|| has been performed in a relativistic nuclear model by 
applying formula (^), which dehnes, through Eq. (|86D , the intrinsic asymmetry. The 
nuclear matter calculation of Dubach et al. ||123|| refers to a OME model including 
the exchange of tt, p,K,K*,uj, and p mesons. In this case, only relative S'-wave 
interactions are considered in the initial Ap state; moreover, ax has been calculated 
through Eq. (|88D by neglecting the above mentioned interference terms between the 
J = 0 and J = 1 Ap —>■ np transitions. These terms must be included in the 
calculation, and are quantitatively important: for example, in the OPE calculation 
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of Sasaki et al. ||209|| , the complete formula supplies an asymmetry equal to —0.441, 
to compare with the result, —0.159 |plO|| , obtained by disregarding the J = 0 - J = 1 
interference terms. Incidentally, this approximation is allowed only when the Ap np 
process occurs in free space: more precisely, in free space only a spin-triplet Ap 
initial state contributes to the asymmetry [see Eq. (|88|)]. Finally, Parreho et al. El 
applied Eq. (|8^) to ^He and hypernuclei within a shell model framework with 


a OME transition potential including the exchange of tt, p,K,K*,ijj, and p mesons. 
We note that these authors hnd a considerable increase of the asymmetry when the 


/f-meson is added to the pion. On the contrary, Sasaki et al. 


obtained a lower 


asymmetry in the ir + K calculation with respect to the pure OPE value. However the 
OME and vr + iP+DQ results of the two calculations agree with each another, with 
values around —0.7. At variance with the above discussed results, the calculation of 
Ramos et al. | 201 | supplies practically the same asymmetry in the OPE and tt + iP 
models. The origin of these discrepancies is unknown: the difference among the 
various OPE calculations are due to the use of different ttAN form factors and short 
range correlations for the initial Ap and hnal np states. 

In conclusion, further investigations are required to clarify the situation: on the 
theoretical side there seems to be no way (even by forcing the model parameters to 
unrealistic values) to obtain positive asymmetry values |pil|] ; on the experimental 
side the present anomalous discrepancy between different data needs to be resolved. 
It has been advanced the hypothesis that the asymmetry puzzle could have the same 
origin of the previously discussed puzzle on the Pn/Pp ratio ||200|| . At present there 
is no hrm evidence of this relation. Indeed, the situation is even more confused 
for the asymmetry than for the Pn/Pp ratio: in the former case, the experiments 
cannot provide any guidance for new theoretical speculations. We hope that future 
experimental studies of the inverse reaction pn pA in free space could help in 
disentangling the puzzling situation. Indeed, the weak production of the A-hyperon 
through the scattering of longitudinally polarized protons on neutron targets can give 
a richer and cleaner (with respect to the non-mesonic hypernuclear decay) piece of 
information on the A polarization-observables 
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8 Summary and perspective 

In this review we have discussed the present status of hypernuclear physics. Beyond an 
extensive and updated description of our present understanding of weak hypernuclear 
decay processes, which are the main topic of the paper, we have also illustrated some 
phenomenological aspects of the YN, YY interaction and the hypernuclear structure 
and reviewed the reactions which are used to produce hypernuclei. 

Measurements of the YN and YY cross sections are very difficult to perform, 
because of the very short lifetimes of hyperons. As a consequence, the various phe¬ 
nomenological models developed to describe these interactions are not completely 
satisfactory. One of the major reason of interest on hypernuclear phenomena lies 
thus in the information which can be extracted about the YN and YY interactions 
(both of strong and weak nature, the former being relevant for hypernuclear structure 
studies and the latter for hypernuclear weak decays). 

Further, we have introduced the weak decay modes of A-hypernuclei: beyond 
the mesonic channel, which is observed also for a free A, the hypernuclear decay 
proceeds through non-mesonic processes, mainly induced by one nucleon or by a 
pair of correlated nucleons. This channel is the dominant one in medium-heavy 
hypernuclei, where the Pauli principle strongly suppresses the mesonic decay. 

The results obtained within the various models proposed to describe the mesonic 
and non-mesonic decay rates as well as the asymmetry parameters in the decay of 
the A-hyperon in nuclei have been thoroughly discussed. The mesonic rates have 
been reproduced quite well by calculations performed in different frameworks. The 
non-mesonic rates have been considered within a variety of phenomenological and 
microscopic models, most of them being based on the exchange of a pion between 
the decaying A and the nucleon(s). More complex meson exchange potentials, as well 
as direct quark models have also been considered for the evaluation of non-mesonic 
decay rates. In this context, particular interest has been devoted to the partial rates 
r„ and Tp and to their ratio. 

In spite of the fact that several calculations have been able to reproduce, already 
at the OPE level, the total non-mesonic width, Ptvm = Pn + rp(+r 2 ), the values 
therewith obtained for P„/Pp reveal a strong disagreement with the measured central 
data. Actually, due to the large experimental uncertainties involved in the extraction 
of P„/Pp, at present one cannot draw dehnite conclusions, and different and more 
rehned experimental analysis are required to correct for eventual dehciencies of the 
models. 

Notably, the non-mesonic partial rates P„ and Pp are dominated by parity- 
conserving transition amplitudes. The asymmetric emission of protons from proton- 
induced non-mesonic decays of polarized hypernuclei is related to the interference be¬ 
tween the parity-conserving and parity-violating transition amplitudes to NN states 
with the same intrinsic spin S. Therefore, the study of the decay asymmetries com¬ 
plements the one of the non-mesonic partial rates, providing, at least in principle, 
new constraints on the AN NN decay mechanism. 

Nuclear structure uncertainties are under control, and cannot influence very much 
the calculation of the hypernuclear observables for the non-mesonic decay. The total 
non-mesonic widths turn out to be relatively insensitive to the details of the weak 
interaction model. On the contrary, the ratio Pn/Pp strongly depends on the decay 
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mechanism. Nevertheless, the OME calculations, including the exchange of mesons 
more massive than the pion such as the p, K, K*, lo and p, as well as the (correlated 
or uncorrelated) two-pion exchange models cannot improve the comparison with the 
experimental r^/Ep ratios and decay asymmetries. These evaluations are rather sen¬ 
sitive to the models used for the required meson-baryon-baryon strong and weak 
vertexes. However, only by using rather unrealistic coupling constants it is possible 
to £t, simultaneously, the data on T^ -|- Tp and F^/Tp for different hypernuclei ||211| . 

The OPE mechanism alone is able to reproduce the observed total non-mesonic 
widths, but strongly underestimates (by about one order of magnitude) the central 
data for the ratio. Only the iP-meson-exchange turned out to be important to 
obtain considerably larger T^/Tp ratios, but the central data remains underestimated. 
The inclusion in the non-mesonic transition potential of quark degrees of freedom 
suffers from large theoretical uncertainties. The models that implemented direct 
quark interactions in OME calculations found T^/Tp values considerably larger than 
the OPE estimates, also as a result of the iP-meson exchange, but problems remains 
in reproducing both the ratio and P„ -|- Pp for the considered systems. 

Although some of the discussed improvements could represent a step forward 
in the solution of the Pn/Pp puzzle, further efforts (especially on the experimental 
side) must be invested in order to understand the detailed dynamics of the non- 
mesonic decay. From the theoretical point of view, it is not easy to imagine new 
mechanisms as responsible for the large observed ratios. Very recent experiments at 
KEK have considerably reduced the error bars on P^/Pp, by means of single nucleon 
spectra measurements. The new experiments confirmed previous data, with improved 
accuracy. However, in order to avoid possible dehciencies of this kind of observations, 
a direct and unambiguous extraction of the ratio is compulsory. As widely discussed in 
the present review, for such a determination good statistics coincidence measurements 
of the nn and np emitted pairs are required. These correlation measurements will 
also allow for the identification of the nucleons which come out from the different 
one- and two-nucleon induced processes. 

As far as the asymmetry parameters are concerned, the situation is even more 
puzzling. Indeed, strong inconsistencies already appear at the experimental level: 
the two existing experiments revealed an opposite sign of the intrinsic asymmetry 
parameter, ua, for ^He and p-shell hypernuclei. This is in strong contradiction with 
the theoretical expectation of an intrinsic asymmetry which should be, in principle, 
rather insensitive to nuclear structure effects. Some calculations reproduced the hrst 
measurement of a\, which found a large and negative value for p-shell hypernuclei, 
but no calculation could obtain a positive value for ^He. The experiments thus cannot 
provide any guidance for further theoretical evaluations. Improved experiments, es¬ 
tablishing with certainty the sign and magnitude of oa for s- and p-shell hypernuclei, 
are then strongly awaited. 

We conclude this work by reminding the reader that hypernuclear physics is 49 
years old, yet a lot of efforts remain to be done, both experimentally and theoretically, 
in order to fully understand the hyperon dynamics and decay inside the nuclear 
medium. The impressive progress experienced in the last few years is promising and 
we hope that it deserves a dehnite answer to the intriguing open questions which we 
have illustrated here. 
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A Spin—isospin NN NN and AN NN interac¬ 

tions 

In this appendix we show how the repulsive NN and AN strong correlations at short 
distances are implemented in the NN NN and AN NN interactions and 
then in the hypernuclear decay width calculated within the Polarization Propagator 
Method of subsection The NN —>■ NN interaction can be described through an 
effective potential given by: 


G(r) = g{r)V{r) 


(89) 


Here g{r) is a two-body correlation function, which vanishes as r —0 and goes to 1 
oo, while V{r) is the meson exchange potential, which in our case contains tt 


as r 


and p exchange: H = 14 + A practical and realistic form for g{r) is ||179 

»('■) = 1 -3<l(<lcr), 


(90) 


where jo is the Bessel spherical function of order 0. With ~ 780 MeV 

one gets a good reproduction of realistic NN correlation functions obtained from 
G-matrix calculations. The inverse of Qc is indicative of the hard core radius of 
the interaction. Since there are no experimental indications, the same correlation 
momentum is generally used for the strong AN interaction. On the other hand, we 
remind the reader that Qc is not necessarily the same in the two cases, given the 


different nature of the repulsive forces involved. Using the correlation function (|^) 
it is easy to get the effective interaction, Eq. (|89[), in momentum space. It reads: 


/2 

GNN^NNiq) = 14(g) + 14 (g) + ^ {gL{q)qiqj + gr(g)(4i - qiqj)} 


rat 


jr * T 5 


where the correlations are embodied in the functions gi and gx- Then, the spin- 
isospin NN —> NN interaction can be separated into a spin-longitudinal and a 
spin-transverse parts, as follows: 


GNN^NN{q) = {14(g)gi4 + l/r(g)(4i - mj)} criajT ■ r = qi/ \ q\), 


where: 


VM = 4 NF^MGKq) + gU?)} . 


Ml) = 4 + 9 T(q)}. 

^TT 

In the above, 74 and Fp are the iiNN and pNN form factors, respectively, while 
and Gp are the corresponding free meson propagators: G^ = 1/(^0 ~ ~ Nn)- 

The AN —>■ NN transition potential, modihed by the effect of the strong AN 
correlations, splits into a P-wave (again spin-longitudinal and spin-transverse) part: 

Gan^nnN = |^L(g)44' + NNAij - 44)| aiajf-r, 
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with: 


PM = FF {q^FMGliq) + 9j(9)} . 

(91) 

Priq) = A2L(,A(,)_ 

(92) 

mjr rriT^ 

and an 5-wave part: 


= FslFMGiiq) - F'MGliq)} 1 9 1 ■ 

11 Ij'J^ ^ ^ 

(93) 


Form factors and propagators with a tilde imply that they are calculated by replacing 
^ + Qc, while Cp is given by: 


f 

/~i _ •' p 

O'p 2 


2 r 


p L 


f2 
J 7r 


mt 


-1 


(94) 


The expressions for the correlation functions are the following ones: 


gdq) = - <! <?^ + Fl{q)Gl{q) - plCpF^{q)Gl{q), 


griq) 


1 

3 


glFl{q)Gl{q) 




CpFl{q)Gl{q), 


gt{q) = -[f + \gl\Fl{q)Gl{q), 


g^g) = -lglF^ig)G:{q). 

The functions ql and gr [g^ and g^] have been obtained from Eqs. (|8^ and (p0|) with 
V = Vt, + Vp \y = 14 ]. Using the set of parameters: 

qc = 780 MeV, = 1.2 GeV, Ap = 2.5 GeV, fl/An = 0.08, Gp = 2, 

at zero energy and momentum we have: 

^l(O) = (7t(0) = 0.615, (7^(0) = g^{Q) = 0.155, 


which can be identified with the customary Landau-Migdal parameters. However, 
if one wishes to keep the zero energy and momentum limit of gL,T and g^j^ as free 
parameters, a replacement of the previous functions by: 


gL,T{q) 


/ gL,T{q) 

^ 5'n,r(0) ’ 



/ gtAg) 
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is required. 

Now we come to the implementation of the above spin-isospin effective potentials 
in the nuclear matter A self-energy of Eq. (j^). From the graphs of Fig. by applying 
the Feynman rules we obtain: 

Ea(«:) = 3t(Gmlf j -0jiGN(k - g) Fl(q) {G:(«) (95) 

+ G°l(q)MgF'^(q)U(q)qiqj [% + {Vt(9)<;i% + VT(q)(Sii - mi)} U(q) 

+ {yL{q)qjqk + VT{q){Sjk - qjqk)} {VL{q)qkqi + VT{q){Ski - qkqi)} U‘^{q) + •••]}, 

where only the NN short range correlations are taken into account. The function U = 
jjp^ _l_ _|_ u‘ip 2 h contains the p-h, A-h and irreducible 2p-2h proper polarization 

propagators. Now we must include in the previous equation the repulsive correlations 
in the lines connecting weak and strong vertices. For the P-wave interaction this 
corresponds to perform the replacement: 

——q^F^{q)Gl{q)qiqj pL{q)qiqj + - qiqj), 

TTIjj^ TTIi'jy 

while the interaction which connects the A-wave weak vertex and the P-wave strong 
vertex becomes: 


u 




■SF^{q)Gl{q) I q\ q, ^ 5(g)g,. 


The functions Pl, Pt and S are given by equations (|^ , (^) and (|^) . Moreover, 
the polarization propagator U in the modihed Eq. (R^ has to be understood as Ul 


when multiplied by a spin-longitudinal potential (Vl, Pl, S'), while it is Ut when 
multiplied by Vt or Pt. By introducing these prescriptions in Eq. (^) and summing 
the two geometric series (there is no interference between longitudinal and transverse 
modes) one obtains: 


j:A{k) = J -^^GN{k - q)a{q), 

with a{q) given by Eq. (|T^. Then, integrating over go, for the A decay width one 
hnally obtains Eq. (|l^. 
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